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ABSTRACT  

 

Recently, buildings have been receiving more serious attention to help reduce global 

energy consumption. At the same time, thermal comfort has become an increasing concern 

for building occupants. Phase Change Materials (PCMs), which are capable of storing and 

releasing significant amounts of energy by melting and solidifying at a given temperature, 

are perceived as a promising opportunity for improving the thermal performance of 

buildings. This is because they use their thermophysical properties and latent heat while 

transforming state (or phase) as a feature for thermal energy storage systems to reduce 

overall energy demand, specifically during peaks hours, as well as to improve thermal 

comfort in buildings. This research aims to provide an overview of opportunities and 

challenges for the utilization of PCMs in the Architecture, Engineering, and Construction 

(AEC) sector, a broader understanding of specifically promising technologies, and a 

clarification of the effectiveness of different applications in building enclosures designð

especially in exterior walls. The research discusses how PCMs can be incorporated within 

building enclosures effectively to enhance building performance and improve thermal 

comfort while reducing heating and cooling energy consumption in buildings. The major 

objectives of the research include studying the properties of PCMs and their potential 

impact on building construction, clarifying PCMs selection criteria for building 

application, identifying the effectiveness of utilizing PCMs on saving energy, and 

evaluating the contribution of utilizing PCMs in building enclosures to thermal comfort. 

The research uses an exploratory quantitative approach that contains three main stages: 1) 

a systematic literature review, 2) laboratory experiments, and 3) validation to meet the goal 

of the research. Finally, by extrapolating results, the research ends with a practical 

assessment of application opportunities and how to effectively utilize PCMs in exterior 

walls of buildings. 
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GENERAL AUDIENCE ABSTRACT  

 

With the growing concern of energy savings and selecting the most efficient way to provide 

thermal comfort for buildingsô users, buildings need to be constructed with an effective 

utilization method of materials and systems. Phase Change Materials (PCMs) have the 

ability to moderate temperatures within a specific range. They can be applied to reduce the 

energy used in buildings and improve thermal comfort. This is because they absorb heat 

when materials melt and release it when materials solidify. This research studies the 

properties of PCMs and their potential impact on building construction and clarifies PCM 

selection criteria for building applications. Also, the research illustrates the impacts of 

utilizing PCMs in different positions within an external wall on energy savings and thermal 

comfort. The research uses an exploratory quantitative approach that contains three main 

stages: 1) a systematic literature review, 2) laboratory experiments, and 3) validation to 

meet the goal of the research. Finally, the research ends with a practical assessment of 

application opportunities and how to effectively utilize PCMs in exterior walls of buildings. 
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1  INTRODUCTION  

 OVERVIEW  

In historical buildings, structural stability and durability were the main characteristic of well-

design building enclosures. Yet, construction practices have continued to change as new 

equipment is developed, new materials are innovated, and housing requirements change. In the 

present day, the design and construction of building enclosures must integrate other characteristics 

that contribute to high performance, such as thermal insulation, heating and cooling load reduction, 

and the amount of energy consumption. Buildings are designed to create an isolated space from 

the surrounding environment and provide the desired interior environmental conditions for 

occupants. The essential role of any building is to meet usersô needs and to protect humankind 

from severe weather. Individual needs vary from person to person and from area to area. This 

means the requirements in building components in one geographic area do not have to be the same 

as another area. Therefore, the properties of buildings are different based on locations and must be 

designed with considerations for climatic conditions that keep the inside spaces cool in summer 

and warm in winter. Phase Change Materials (PCMs) could provide thermal protection due to their 

high thermal characteristics that protect indoor environments against heat and cold.  

The difference between interior and exterior temperatures in the summer and winter require high-

energy consumption. According to the International Energy Agency (IEA), in most countries the 

average energy consumed by buildings represents 32% of all-inclusive worldwide energy 

consumption and with approximately 40% of the primary energy consumption in most IEA 

countries (IEA 2015). The building sector accounts for an even larger portion of total energy 

consumption in the United States (Ürge-Vorsatz et al. 2015). IEA (2010) mentions that space 

heating and cooling consumes 34-40% of the total energy use in residential and commercial 

buildings. Energy usage can be dramatically reduced by improving the efficiency of building 

enclosure systems and incorporating thermal storage materials into the building enclosure 

(Zwanzig et al. 2013). Building enclosures affect the way buildings absorb and radiate heat 

(Baldwin et al. 2015). Efficient equipment and proper building materials in conjunction with the 

whole building design are considered essential for most building construction in order to improve 

thermal performance of the buildings (Graham 2016; Raish 2008). 
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Building materials with high thermal capacity can improve indoor temperatures by 35-45% in 

comparison to outdoor temperature (even when the building is shaded and unventilated) (Givoni 

1994). In some practices, improving the thermal performance is achieved by using thermal mass. 

For example, in hot arid climates, thermal mass as part of the structural system (e.g., through 

masonry or concrete materials) can be successfully utilized to absorb thermal energy temporaril y 

during the day and release this energy again throughout the night without transmitting the full 

amount into the interior space (Meir and Roaf 2002). Also, thermal mass is an essential strategy 

for indoor climate control in some climates as it can also provide an appropriate solution for 

protection from intensive weather. However, this may not be practical in cases where different 

aspects such as wall thickness or weight limitations are of concern, as is the case for off-site 

construction technologies, and where alternative options for thermal storage can be considered. 

Therefore, a well-designed building enclosure can play an important role in reducing the energy 

used to provide thermal comfort for building occupants by improving the thermal performance of 

the enclosure.  

Currently, there is an international focus on the conservation of energy and of natural resources as 

building materials. As a response, there are three main useful ways to store thermal energy: 

sensible heat, latent heat, and heat of a reversible thermochemical reaction (Brousseau and Lacroix 

1996). For example, timber framed wall systems provide a light-weight solution for off-site 

construction but typically lack thermal storage capacity. These systems require adding particular 

building materials to improve their thermal performance. The most commonly used practice for 

this kind of improvement is adding more insulation to increase the total thermal resistance. PCMs 

with latent heat storage and capability of storing and releasing a large amount of energy by using 

a small amount of thermal mass (Sharma et al. 2004) could be used as a confluence area for thermal 

mass and light weight building materials to improve the thermal performance of building 

enclosures. This dissertation explores a variation of positioning PCMs within building enclosures 

and studies the effects of PCM quantities as well as the thickness of insulation on thermal 

performance. 
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 SIGNIFICANCE OF STUDY 

Researching in building materials and the future of their utilization are important for a wide range 

of researchers and building construction professionals. Most universities and corporations 

highlight and support research that can improve the construction method and reduce high energy 

uses in buildings. This research provides alternative approaches for architects, engineers, 

contractors, and manufacturers of building materials regarding the utilization of PCMs in building 

construction. Primarily, the research focuses on the differences between PCM utilization in an 

interior versus an exterior position within a building enclosure, emphasizing its impact on thermal 

performance. The research introduces an entry point to assess PCM utilization with different layers 

and different thickness of insulation for hot and cold climates, and it includes proposed selection 

criteria for building applications. 

 D ISSERTATION STRUCTURE 

Figure (1) presents the general structure of this dissertation. 

 

Figure (1) Dissertation general structure. 
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2  LITERATURE REVIEW  

 PHASE CHANG MATERIALS (PCM S)  IN GENERAL 

PCMs play a major role as thermal energy storage in different successful applications, such as 

transport and storage containers; clothes for the human body; and packaging for medical and food 

supplies and electronic equipment. Thermal energy storage allows heat and cold to be stored and 

used later under two methods: physical methods and chemical methods. According to David et al. 

(2011), ñThe principle of the PCM use is simple. As the temperature increases, the material 

changes phase from solid to liquid. The reaction being endothermic, the PCM absorbs heat. 

Similarly, when the temperature decreases, the material changes phase from liquid to solid. The 

reaction being exothermic, the PCM desorbs heatò (p. 3117). PCMs have the ability to absorb 

thermal energy, which means removing or reducing the need for heating and cooling by using 

sensible and latent heat storage as shown in Figure (2) (Pearson 2010). 

 

Figure (2) Temperature profile for changing phases by sensible and latent heat. Adapted 

from (ZAE Bayern 2009). 



 

5 

 

PCMs are used for different applications and can store and release heat by controlling the required 

temperatures. Figure (3) shows potential applications of PCMs: Diagram (A) represents different 

fields for temperature control and Diagram (B) for storage and supply of heat or cold with small 

temperature changes (Mehling and Cabeza 2008). Along these lines of thinking, PCMs could be 

used in building construction for temperature regulation, energy conservation, and peak-load 

shifting to off-peak times/rates and could contribute to thermal comfort in buildings.  

 

Figure (3) Potential application of PCMs in different fields. Adapted from(Mehling and 

Cabeza 2008) 

 PCM DEFINITION  

PCMs are materials that take advantage of a fundamental property of nature  the tendency of 

materials to absorb heat when they melt (change phase from a solid to a liquid) and to release heat 

when they solidify (change phase from a liquid to a solid). PCMs as defined by Tyagi and Buddhi 

(2007) are latent heat storage materials that can be used as a temperature moderator. PCMs are a 

substance with a high heat of fusion that are able to store and release a large amount of energy 

when they melt or solidify while more or less staying at this certain temperature until the phase 

has completely changed (Haghighat 2013; Sharma et al. 2009). As they store and release heat by 

using chemical bonds, thermal energy transfers occur when the material changes from solid to 

liquid or vice versa; these processes are called a change in state or phase (Tyagi and Buddhi 2007; 

Vuceljic 2009).  
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PCMs can be viewed as a thin-layered version of larger mass walls that can be used to improve 

the thermal comfort in the interior environment of buildings. They are able to cycle continuously 

through changes of state both without losing their attributes and by preventing loss in mass through 

evaporation (Rohles 2007). Figure (4) demonstrates the concept of PCMsô capability of absorbing 

and releasing heat with repeated melting and freezing cycles, and explains their sensible and latent 

heat and their effects during cooling and heating (Pazrev 2015). 

  

Figure (4) The concept of PCMsô capability of absorbing and releasing heat with 

repeated melting and freezing cycles. Adapted from (Pazrev 2015). 

Latent heating systems have a higher energy density and maintain near-constant temperature 

throughout the charging and discharging process. Also, cooling and heating have their effects on 

PCMs. They change the state of the materials from solid to liquid or liquid to solid, and during this 

process the heat is absorbed or released. Figure (5) shows the effects that cooling and heating have 

on PCMs (Shim et al. 2001). PCMs could be used in passive buildings by providing a thermal 

regulation system since they do not require electricity or power of any kind to increase or decrease 

temperatures in buildings (Microtek Laboratories 2016). Accordingly, cooling and heating could 

be provided in remote locations without access to electricity. 
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Figure (5) Effects of cooling and heating on PCMs. Adapted from (Shim et al. 2001). 

 PCM PROPERTIES  

PCMs have several properties with a solid-liquid phase transition. Sharma et al. (2009) mention 

that PCMs have different thermo-physical properties, chemical properties, and kinetic properties. 

High thermal conductivity, solid and liquid phases, and acceleration time of charging and 

discharging of energy are examples of PCMsô thermo-physical properties. Sharma et al. also list 

some examples of chemical properties, such as chemical stability and absence of degradation after 

a large number of freezing and melting cycles. Nucleation rate, which is beneficial for avoiding 

super cooling of the liquid phase, is an example of kinetic properties (Ibid.).  

The core property of PCMs is based on their latent heat storage capability around their melting 

points, because large amounts of energy can be stored in a comparatively small volume of PCMs 

(Madhumathi and Sundarraja 2012). Sharma et al. (2004) list the most common features of the 

three aforementioned properties of PCMs and highlight the ultimate characteristics of each one 

(described in the following sections): 
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2.3.1  THERMO- PHYSICAL PROPERTIES 

¶ Melting temperature in the desired operating temperature range, 

¶ High latent heat of fusion per unit volume so that the required volume of the container 

to store a given amount of energy is less, 

¶ High specific heat to provide for additional significant sensible heat storage, 

¶ High thermal conductivity of both solid and liquid phases to assist the charging and 

discharging of energy of the storage systems, 

¶ Small volume changes on phase transformation and small vapor pressure at operating 

temperatures to reduce containment problems, and 

¶ Congruent melting of the phase change material for a constant storage capacity of the 

material with each freezing/melting cycle. 

2.3.2  CHEMICAL PROPERTIES 

¶ Chemical stability, 

¶ Complete reversible freeze/melt cycle, 

¶ No degradation after a large number of freeze/melt cycles, 

¶ Non-corrosiveness to the construction materials, 

¶ Non-toxic, non-flammable, and non-explosive materials for safety, and 

¶ Low cost and large-scale availability of the phase change materials is also very 

important. 

2.3.3  K INETIC PROPERTIES  

¶ High nucleation rate to avoid super cooling of the liquid phase and 

¶ High rate of crystal growth, so that the system can meet demands of heat recovery from 

the storage system. 
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 PCM  TYPES 

There is a large number of PCMs that can be classified based on different criteria, such as their 

melting temperature and latent heat of fusion, the changing of phases, or their source material 

(Haghighat 2013). Khudhair and Farid (2004a) and Vuceljic (2009) clarify the types of PCMs 

based on their most common criteria, which is their sources and components. The main sources 

can be classified into organic compounds, inorganic compounds, and the mixture of two or more 

components, creating a kind of hybrid type called eutectic, as shown in Figure (6). 

 

Figure (6) Types of PCMs according to their sources. Adapted from (Khudhair and 

Farid 2004a; Vuceljic 2009). 

 ADVANTAGES AND D ISADVANTAGES OF PCM TYPES 

Although organic and inorganic compounds both have high latent heat, which is the most 

significant feature of PCMs, each type also presents distinct advantages and disadvantages. 

Organic compounds feature low volume change during phase change, as well as chemical and 

thermal stability. On the other hand, organic compounds are rarer, have a rather low thermal 

conductivity, and cost more in comparison with inorganic PCM compounds (Harland et al. 2010). 
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Moreover, organic PCMs are typically highly flammable, although this can be alleviated in some 

applications by a proper container (Dubey and Mishra 2014). 

Conversely, inorganic compounds have a lower performance of thermal insulation than organic 

compounds and have rather high thermal conductivity, while at the same time being more 

affordable (Harland et al. 2010). Some of their main disadvantages are a lack of thermal stability 

and change of volume after repeated melting and freezing cycles (Mondal 2008). 

Eutectic compounds, the third type of PCMs, are a combination of inorganic and organic types and 

try to capitalize on the advantages of the different base materials, while minimizing the 

disadvantages. The development of less expensive but highly capable PCMs at a desired 

temperature, such as fatty acids, is currently being explored (Harland et al. 2010). Also, Harland 

et al. examined some eutectic products that express more beneficial functions of PCMsð

specifically to improve thermal comfort and reduce energy consumption for cooling or heating. 

In summary, organic, inorganic, and eutectic PCMs each have their own advantages and 

disadvantages. Table (1) shows a brief overview of the advantages and disadvantages with some 

examples of PCMs according to their classification. 
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Table (1) Advantages and disadvantages of PCMs. Adapted from (Mantz and Wehrle 

2015; Mondal 2008; Nath 2012; Sharma et al. 2009). 

Types Advantages Disadvantages Examples 

Organic 

¶ High latent heat 

¶ Non-corrosive 

¶ Chemically & thermally stable 

¶ Little sub-cooling 

¶ Durable and recyclable 

¶ Efficient for thermal comfort  

¶ High heat of fusion 

¶ Low vapor pressure 

¶ Safe and non-reactive 

¶ Can be microencapsulated 

¶ Not affordable  

¶ Low melting enthalpy 

¶ Low density 

¶ Low thermal 

conductivity 

¶ Rare availability 

¶ Flammability 
(depending on 

containment) 

¶ Volume change  

¶ Costly for 

microencapsulated 

¶ Paraffins 

(Wax) 

¶ Fatty Acids 

(Oils) 

¶ Polyglycols 

Inorganic 

¶ High latent heat 

¶ High melting enthalpy 

¶ High density and latency 

¶ High thermal conductivity 

¶ High heat of fusion 

¶ Sensible heat storage 

¶ Non-flammable 

¶ Low volume change  

¶ Affordable 

¶ Very wide melt point range 

¶ Sub-cooling 

¶ Corrosion of container 

materials 

¶ Phase separation 

¶ Phase segregation 

¶ Lack of thermal 

stability 

¶ Instability of volume 
after repeated 

change cycles 

¶ Loses effectiveness 

with thermal 

cycling 

¶ Large degree of 

super-cooling 

¶ Cannot be 

microencapsulated 

¶ Salt hydrates 

Eutectic 

¶ Affordable 

¶ Sharp melting temperature 

¶ High volumetric thermal 

storage density 

¶ Lack of testing and 

limited data of 

thermo-physical 

properties 

¶ Limited temperature 

range 

¶ Corrosive 

¶ Cannot be 

microencapsulated 

¶ Salt water 

solutions 
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 PCM APPLICATIONS  

2.6.1  PCMS IN D IFFERENT SUCCESSFUL APPLICATIONS  

Depending on their utilization, PCMs have the properties of both harvesting energy from solar 

gains where desired or protecting against solar gains due to their high thermal storage 

characteristics. Typically, this protection is used during transportation or storage of goods to 

provide thermal comfort against heat and cold (Prim 2013). Therefore, PCMs have different 

applications that are currently used to reduce or avoid heat exchange between different 

temperatures in areas/spaces that need to maintain these properties for different purposes.  

There are many applications that benefit from PCMsô useful ability to stabilize temperaturesð

such as protection of solid food, cooked food, beverages, pharmaceutical products, blood 

derivatives, hot and cold medical therapies, electronic circuits, clothing, and many other 

applications yet to be discovered (Prim 2013). More importantly, possible PCM applications 

include their utilization in refrigerators and freezers that could use less energy, high-performance 

textiles that could provide relief from hot and cold climate conditions, and shipping containers that 

could maintain goods at a desired temperature for longer periods.  

Currently, the global PCM market is experiencing high growth due to an increasing demand for 

eco-friendly and energy-saving materials in industries such as thermal energy storage, 

refrigeration, textiles, and electronics. Table (2) shows an overview of some examples of existing 

applications of PCMs in different fields (Mantz and Wehrle 2015). 

Table (2) Examples of PCMsô applications. Adapted from (Mantz and Wehrle 2015). 

Field Examples of Applications 

Consumer 

Products 

Apparel ï Shoes ï Furniture  Car seats ï Automobiles  Lunch and beverage 

containers  Outdoor gear (sleeping bags, etc.) 

Packaging 
Medical ï Pharmaceutical  Food/produce  Drug testing  Laboratory testing ï 

Chemicals  Biological samples  Vaccines 

Bedding Mattresses ï Mattress toppers ï Protectors ï Pillows ï Linens  Quilting  Ticking 

Electronics 
Computer parts  Handheld devices/phones  Laboratory equipment  Outdoor 

electronics  Remote telecom stations ï Lasers  Military  
 

 

http://www.microteklabs.com/food-containers.html
http://www.microteklabs.com/food-containers.html
http://www.microteklabs.com/food-transportation.html
http://www.microteklabs.com/vaccines.html
http://www.microteklabs.com/bedding.html
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2.6.2  PCMS APPLICATIONS  IN BUILDING CONSTRUCTION  

PCMs as latent heat storage materials can be an efficient way of storing thermal energy and are 

applicable to materials and products that can be used as temperature-moderators in construction 

and architecture (Vuceljic 2009). The concept of storing heat within a buildingôs walls has been 

around since at least 1881 (Pacson 2011). The first documented case of a house using a PCM for 

passive solar heating was done by Dr. Maria Telkes in 1948 (Harland et al. 2010). 

Tyagi and Buddhi (2007) mention several forms of bulk encapsulated PCMs that can be used in 

building construction. These materials provided for active and passive solar applications during 

the 1980s. In addition, they found that most encapsulated commercial PCM products at that time 

were inadequate for passively delivering heat to the building after the PCM was melted by direct 

solar radiation. This can clearly be seen in the buildingôs enclosure, which offers large areas for 

passive heat transfer. The need for proper building materials with high performance insulation is 

considered one of the most important building construction applications to improve thermal 

comfort in buildings (Gracia and Cabeza 2015). 

2.6.3  CURRENT APPLICATIONS OF PCMS IN BUILDINGS  

The uses of PCMs in buildings as thermal storage systems have been of great importance since the 

second half of the twentieth century (KoŜny 2015). The main applications of PCMs in buildings 

are when spaces are oriented toward the sun and require larger thermal storage units to be used as 

an insulation layer within wall components. PCMs were traditionally used to provide a comfortable 

interior building temperature (Vuceljic 2009). More frequently, latent heat storage materials are 

now used to stabilize interior building temperatures. For example, the application of PCMs in air 

conditioning systems reduce room temperature fluctuation by lowering the high temperatures from 

the external daily temperature and reduce home heating and cooling loads by reducing electrical 

power consumption (Zalba et al. 2004). Also, the use of PCMs to store coolness has been 

developed for air conditioning applications and reduced energy consumption, where cold 

temperature is collected and stored from ambient air during the night and is released indoors during 

the hottest hours of the day (Ibid.). 

PCMs are currently utilized with a packaging method in micro- or macro-encapsulated cells for 

some applications such as interior wall construction that are adjacent to insulation and wallboard, 

between attic joists, above ceiling panels in a drop ceiling, and floor tiles (James and Delaney 
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2012). Jaworski and Abeid (2011) reference three existing ways of incorporating PCMs in building 

structures: 

1. Blending PCMs with building materials during the manufacturing process of 

construction elements such as bricks or plasterboards in wall components, 

2. Incorporation of macro-capsules with PCMs in free spaces inside the building such as 

placing PCMs above suspended ceilings or under floors, and 

3. Incorporation of PCMs in parts of furniture or window blinds. 

Tyagi and Buddhi (2007) list a number of major applications of PCMs in buildings, which they 

classified into two different methods for temperature control. The first application deals with 

passive storage systems, such as PCM trombe walls, PCM wallboards, PCM paints, PCM shutters, 

PCM building blocks, and air-based heating systems. The second application relates to active 

storage systems, such as floor heating and ceiling boards. PCMs are used to enhance building 

performance in many building elements. The following are some examples of current applications: 

1. PCM-enhanced solar thermal storage walls, 

2. Impregnated concrete blocks and ceramic masonry,  

3. PCM-enhanced gypsum board and interior plaster products,  

4. PCMs to enhance wall cavity insulation,  

5. PCMs to enhance thermal performance of floor and ceiling systems, 

6. PCMs utilized in roofs and attics to enhance insulation, 

7. PCM-enhanced windows and window attachment products, 

8. Use of PCMs for pipe insulation,  

9. Use of PCMs for heating, ventilation, and air conditioning (HVAC) systems, 

10. Implementing PCMs for fireplace protection, and 

11. PCMs to enhance wallboards and insulation foams. 

As expected, each of these PCM types have different applications in building construction. Table 

(3) shows some examples of existing PCM products that are currently used, and lists their location 

of implementation. Several studies analyze PCMs as energy saving materials due to their flexibility 

and applicability. PCMs are gaining popularity due to their properties of reduced heat transfer in 

lightweight materials. The search for capable, efficient, economical, and achievable sources of 

energy is a continuous attempt carried out by researchers, practitioners, and scientists. 
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Table (3) Examples of PCMsô applications in building construction. Adapted from 

(Jaworski and Abeid 2011). 

PCM Product Application  

Micro -encapsulated Paraffin Wax 

Wallboard 

Ceiling Tiles 

Floor Panel 

Interior Wall Construction 

Bio ï Based (organic) Materials 

Interior Wall Construction 

Attics / Drop Ceiling Plenum Floor 

Eutectic Salt Mixtures 

Interior Wall Construction 

Attics / Drop Ceiling Plenum Floor 
 

 

2.6.4  MOTIVATION FOR UTILIZING PCMS IN BUILDING CONSTRUCTION  

According to the above introduction and general information about PCMs, the motivation of 

utilizing them in building construction was revealedðand several aspects encourage 

implementing PCMs in building practices. Two main avenues have been conducted in this 

research: 1) to encourage architects, building engineers, contractors, and owners to take advantage 

of PCMs and 2) to integrate PCMs within building components that are utilized in building 

construction. These research directions can be described as the following: 

1. Effects of PCMs on thermal comfort in buildings 

2. Effects of PCMs on energy savings 

 EFFECTS OF PCMS 

In commonly used PCMs, the change of phases from solid to liquid or liquid to solid occurs in the 

typical temperature range found indoors (20-26°C), which is favorable for building energy 

consumption purposes (Kolaitis et al. 2013). Therefore, the use of PCMs is desirable for reducing 

energy consumption because of the discrepancy between the indoor day temperature and the 

outdoor night temperature (Zalba et al. 2004). Also, they have the potential to improve thermal 

comfort for building occupants while also having large capacities to store heat and energy in 

comparison to other materials. For example, PCMs store about three times more energy than water 



 

16 

 

and six times more energy than concrete for the same wall thickness (Kuznik et al. 2011b). Figure 

(7) shows the capacity of storable energy for building materials by comparing between seven types 

of building material that have the same conditions of temperature variation and thickness. 

 

Figure (7) Comparison of the storable energy capacity of building materials under the 

same conditions of temperature variation and thickness. Adapted from (Kuznik et al. 

2011b). 

2.7.1  EFFECTS OF PCMS ON THERMAL COMFORT IN BUILDINGS  

Thermal comfort is determined by several physical conditions such as air temperature, relative 

humidity, airflow, and adjacent wall temperature. Space temperature is considered as an influential 

factor on space climate and thermal comfort. Building orientation, building materials, occupancy 

with people, use of equipment, lighting, solar gains through windows, window shading and natural 

ventilation, thermal mass, and thermal insulation material have a significant impact on thermal 

comfort. In moderate climates, indoor temperature is recommended to be kept in between 21°C 

and 26°C with a relative humidity of 30%- 60% (Andersen 2006) as shown in the psychometric 

chart in Figure (8). This chart represents the thermodynamics properties of moist air and can be 

used to describe the relationship between dry bulb temperature, wet bulb temperature, humidity, 

enthalpy, and air density as psychometrics variables (Wujek and Dagostino 2010). 
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Figure (8) Demonstration of thermal comfort zone through psychometrics. Adapted 

from (Orange Slides 2014). 

Providing thermal comfort in buildings is not only important for improving the living standards or 

physical comfort demands in terms of heating and cooling, it also plays a major role when 

considering human performance and/or concentration. PCMs have some features such as thermal 

energy storage that could be used for improving the internal environment of buildings and creating 

a notable impact on thermal comfort for building users.  

In general, to improve the thermal behavior in buildings, concern for thermal comfort of the 

occupants and using thermal insulation materials are an essential action to have in order to reduce 

the thermal amounts of winter heat losses and summer heat gains (Göran Hed 2005; Zalba et al. 

2003). Creating a comfortable environment inside most buildings requires a large amount of 

energy expense and uses a large share of the buildingôs operating costðalthough utilizing some 

building materials could reduce these expenses and improve thermal comfort for occupants. Proper 

selection of PCMs reduces heat loss in cold weather, keeps out excess heat in hot weather, and 

helps maintain a comfortable indoor environment without incurring operation costs. Therefore, the 

use of PCMs in buildings is a possibility for improving higher thermal comfort as it allows the use 

of latent heat storage to increase the thermal inertia without significantly increasing energy 
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consumption. PCMs can therefore increase thermal comfort by decreasing the range of internal air 

temperature differences and providing the desired temperature in the indoor building environment 

for a longer period (Vuceljic 2009). 

Maintaining a stable temperature within the comfort zone for longer periods without relying on 

HVAC systems may also be possible with PCMs (ClimateTechWiki 2017). Moreover, temperature 

fluctuations might be reduced, depending on selecting a PCM within the desired melting/freezing 

point to maintain temperatures within the comfort zone. This will benefit the indoor climate in two 

ways. First, the temperature will be held more stable by controlling temperature fluctuations 

throughout the day and will reduce the feelings of thermal discomfort. Second, the peak 

temperature will be reduced and should never reach a temperature that leads to increased thermal 

discomfort.  

PCMs also maintain a near-constant temperature within the conditioned space while undergoing a 

phase change. As previously mentioned, they have different applications for building construction, 

such as insulation products, paint, wall coverings, roofing, solar systems, playing fields, radiant 

heat, and raised flooring panels. Thus, PCMs as materials and products can be used as temperature-

moderators for building construction when they have high thermal conductivity, so that the 

temperature gradient required for charging the storage material is small and the mass is less than 

other building materials.  

With all the characteristics of PCMs, their application in building construction, the theoretical 

studies, and demand for high performance products that increase sustainability and livability, a 

practical assessment of utilizing PCMs in building construction is required to verify their 

effectiveness on energy saving and thermal comfort in buildings. Such research will also clarify 

the potential effects of PCMs on thermal performance in general. 

2.7.2  EFFECTS OF PCMS ON ENERGY SAVINGS  

In many countries, cooling and heating of any type of building contributes significantly to overall 

energy consumption, whose demand is critical when it occurs during peak times (Al-Hadithi 2011). 

For example, according to the US Department of Energy (2009), in Arizona, 25% of electrical 

energy consumed in homes is due to air conditioning, which is more than four times the national 

average. Figure (9) shows the comparison between Arizona and the US overall regarding electrical 

consumption. 
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Figure (9) Electrical energy consumption in homes. Adapted from (Energy 

Information Administration (EIA) 2009). 

Over the last decade, the demand for air conditioning has increased greatly and large demands for 

electric power have led to an increase in efficient energy applications (Vuceljic 2009). Currently, 

providing electrical energy is often achieved with extra equipment and cost. In building 

construction, there is a lot of energy savings potential and different methods for possible 

improvement. One potentially significant impact on energy savings could be achieved by utilizing 

PCMs in building enclosures as they could either avoid or reduce the use of extra equipment (Zalba 

et al. 2003). The potential impacts of this are described in the following two sections.  

2.7.2.1  REDUCING ENERGY CONSUMPTION OF BUILDINGS 

Heating and cooling consume a large portion of operation costs and vary from building to building 

and from location to location. PCMs can effectively reduce the dependency on air-conditioning 

energy consumption per unit area by blocking heat transfer from the outdoors to the interior of the 

building in climates with periodic temperature swings between day and night (Souayfane et al. 

2016). This process could be performed to save air-conditioning energy when applying PCMs in 

building enclosures. PCMs offer more energy storage capacity and less temperature fluctuation 

according to their high latent capacity. The effects of reducing the energy needed to run mechanical 

systems to heat/cool the building can be accomplished by delaying and offsetting the thermal load 

to the building (Irwin 2015).  
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PCMs have the potential to reduce radiant heat effects, which emphasizes the ability of PCMs to 

offset the heating/cooling load by storing incident radiant energy and re-radiating this heat to the 

exterior when there are temperature swings. In other words, PCMs can reduce the maximum inside 

temperature and its fluctuations. PCMs can efficiently capture cold energy during the nighttime in 

summer and reduce the fluctuation of indoor temperature by 4 °C (Shi et al. 2014). In addition, 

using PCMs in a building equipped with an AC system can result in up to 15% savings in annual 

energy consumption (Castell et al. 2010). 

Using PCMs with high latent heat of melting to increase the thermal energy storage in buildings 

has been introduced to construction practice to reduce the amount of energy required to heat and 

cool buildings. This method of storing thermal energy offers higher density of energy storage with 

a smaller temperature fluctuation compared to traditional methods that use mass as sensible heat 

storage (Behzadi and Farid 2011). Savings of cooling or heating loads can be achieved by including 

PCMs in building enclosures, represented by a reduced heat transfer rate and a time lag in the peak 

indoor temperature. PCMs can manipulate the trend of increased energy consumptions in buildings 

by combining them with other building materialsðin many ways addressing the concern of 

conservation with minimum expenditure of conventional energy.  

Energy consumption in buildings depends on building design, building materials, and the operated 

environmental context (Harland et al. 2010). For instance, implementing PCMs on building 

surfaces or within an exterior wall could reduce or at times entirely avoid the need for cooling or 

heating energy (Sharma et al. 2009). Therefore, the use of PCMs is desirable for improving 

building thermal performance with the reduction of energy consumption because of their 

properties, mainly when there is discrepancy between the indoor day temperature and the outdoor 

night temperature (Zalba et al. 2004). 

2.7.2.2  ENERGY SAVINGS IN TOTAL GRID (NETWORK)  CONSUMPTION 

In the US, energy demand that is created by air conditioning can make it difficult for utilities to 

keep up with the demand during peak periods (Halford and Boehm 2007). Building new power 

generation facilities is costly and companies are aggressively seeking methods of shifting some of 

the load away from peak hours to off-peak times. Vuceljic (2009) found that electrical energy 

consumption varies significantly between day and night and that PCMs can be helpful as building 

materials because of their high storage density and narrow temperature swings. The author 



 

21 

 

suggests that encapsulating or embedding suitable PCMs within building enclosures will enhance 

thermal energy storage, since PCMs can either capture solar energy directly or capture thermal 

energy through natural convection. PCMs, which change phase during peak times of the day, can 

play a major role in shifting the high load of demand to the off peak times of day, which allows 

for purchasing energy at a lower cost (Shi et al. 2014). The thermal storage capacity of PCMs can 

provide a valuable solution for balancing the supply and demand of electrical energy and shift the 

peak of energy consumption for HVAC systems to cheaper off-peak hours (Addington and 

Schodek 2005). 

In this load shifting strategy, thermal storage is charged during off-peak times and stores energy 

in order to use latent heat during times of peak load. It aims to shift the entire peak load to off-

peak hours. By decreasing or avoiding air-conditioning operation, electricity consumed during the 

day is reduced. This strategy is commonly used to take advantage of lower off-peak energy costs 

and is mostly introduced where on-peak demand charges are high or the on-peak period is short 

(Valappil 2015). Figure (10) illustrates how the peak might be reduced and the shifting of the peak 

through the use of PCMs as thermal energy storage, plus the strategies of charging and discharging 

storage to meet cooling or heating demand during peak hours and shifting the entire load to off-

peak hours (Dincer 2002). 

 

Figure (10)  Strategy of shifting the heating or cooling load from peak hours to off-peak 

hours with thermal storage material. Adapted from (Dincer 2002). 
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By shifting the peak load away from the peak hours of electrical demand using PCMs, the peak 

load may be divided throughout the day for reducing the highest peaks (Halford and Boehm 2007). 

This can lead to a significant reduction of the buildingôs energy consumption by using energy-

storing building materials, reducing pressure on the electrical grid, and potentially minimizing the 

need for HVAC systems for long periods of time. PCMs can also reduce electrical power 

consumption by lowering high temperatures in comparison to the external daily temperature and 

reducing heating and cooling loads (Zalba et al. 2004). Furthermore, an appropriate thermal 

storage material such as PCMs can be used to achieve a significant reduction in equipment cycling 

frequency and create an observable increase in operating efficiency over traditional building 

materials (Mehling and Cabeza 2008). 

 CURRENT MARKET AND OPPORTUNITY  

2.8.1  PCMS IN THE MARKET  

PCMs have been studied for decades and several materials have been considered for building 

applications to take advantage of PCMsô latent heat capabilities and high storage densitiesðsuch 

as paraffin wax, bio-based organic materials, and eutectic salts. Beginning in 2010, several 

varieties of different PCMs have been available on the market and the most common forms are 

paraffin waxes and salts, which can provide a large range of melting temperatures (Harland et al. 

2010). Figure (11) shows the global market ratio of the most common type of the PCMs 

(Transparency Market Research 2015). 

 

Figure (11)  Global market ratio of PCM products in 2011. Adapted from 

(Transparency Market Research 2015). 
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Since 2013, the commercial market has had more than 100 varieties of PCMs available at different 

melting temperatures within the range of 0oC to 100oC with latent heat of fusion in the range of 

100 to 300 kJ/kg (Milisic 2013). The global PCM industry is experiencing high growth because of 

increasing applications, technological improvements, and growing concerns of green buildings in 

accordance with environmental regulations on energy savings (Doshi 2015). 

In the immediate future, it is probable that the market for PCMs in construction will become 

affordable for local-area applications mainly because these resources are becoming cheaper to use 

and more efficient to apply with conventional methods (Milisic 2013). According to a report from 

Mordor Intelligence LLP (2016), PCMs were valued at $563.53 million in 2014 and they are 

expected to reach $1,674.29 million by 2020ðrepresenting a compound annual growth rate of 

19.9%. 

2.8.2  THE OPPORTUNITY TO UTILIZ E PCMS IN BUILDING CONSTRUCTION  

There is no one best material for all applications and utilizing PCMs in building materials depends 

on climate parameters and building location, as well as the individual PCMôs properties and its 

actual position within different building components. Climate parameters in a buildingôs location 

and thermal characteristics of the building not only have an influence on building components 

themselves, but also on the thermal comfort of the interior space (Al-Hadithi 2011; Fernandes and 

Costa 2009). Additionally, solar radiation, cloudiness, heat absorption and reflection of the ground, 

wind speed, and atmospheric pressure all can have a major effect on the indoor comfort 

environment under natural conditions (Al-Obaidi et al. 2014). Even under these conditions, the 

opportunity to reduce energy consumption and improve thermal comfort of buildings is obtainable 

by using PCMs in building construction.  

Besides the benefits of reducing electrical energy consumption and improving thermal comfort, 

utilizing PCMs (with their ability to absorb and store heat) in buildings is being motivated by a 

desire to implement lightweight materials with less mass volume for passive and active building 

systems. The building industry is moving toward more lightweight technologies with sensible 

improvements in manufacturing processes and environmental benefits due to the concurrent 

reduction of the componentsô weight and embodied efficient building materials. Unlike traditional 

thermal mass, such as concrete or adobe, PCMs store similar amounts of heat with significantly 

less mass.  
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Using PCMs in such building walls can, therefore, reduce building weight and decrease 

temperature fluctuations, particularly in cases of solar radiation loads (Kuznik et al. 2011a), and 

they can be used for thermal storage in conjunction with both passive and active solar storage for 

heating and cooling (Tyagi and Buddhi 2007). PCMs have a high density, so that a smaller 

container volume could hold a large amount of the material without causing a chemical reaction 

with or corrosion of construction materials. The characteristics of PCMs make them more suitable 

for use in buildings for energy conservation, space-saving implications, reducing building load, 

and reducing peaks in demand than other thermal storage devices, which require separate systems 

and more space. 

PCMs provide similar functionality for improving the comfort of the interior space in buildings 

and reducing electrical energy consumption compared to high density materials typically used for 

thermal storage. However, PCMs now achieve this without the issue of adding significant mass, 

which can be inappropriate at some levels of construction (Harland et al. 2010). Kosny et al. (2007) 

state that using PCMs allows for significantly thinner, lighter weight building materials, which are 

better suited for todayôs buildings, and that one centimeter of phase-change building materials has 

the thermal capacity of roughly seven and half centimeters of concrete. Figure (12) compares 

PCMs with different conventional building materials and shows the necessary thickness to store 

as much heat as a 1 cm-thick layer of PCM based on certain temperature intervals (Mehling and 

Cabeza 2008). The use of PCMs in buildings makes it possible to achieve the required space 

temperature and increase thermal comfort without significantly increasing building weight (Silva 

and Almeida 2013). 
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Figure (12)  Necessary layer thickness of different building materials to store as 

much heat as a 1 cm-thick layer of PCM. Adapted from (Mehling and Cabeza 

2008). 

Moreover, since PCMs do not require a thicker layer of building material as thermal mass to 

improve thermal comfort for buildings in hot or cold regions, their utilization in building 

construction adds value through environment conservation as well (Vuceljic 2009). Therefore, 

they are mostly suitable to be used in lightweight construction because of their impact, which is 

similar to that on the thermal mass of the building (Pearson 2010).  

In addition, PCMs can be used in both new construction and existing buildings; however, some 

criteria have to be considered when using PCMs in existing buildings, such as sound absorption 

properties of surfaces or moisture control within enclosure components (Abuzaid and Reichard 

2016). When done properly, implementing modified PCM products to existing buildings can 

improve their performance by increasing their storage mass of heat (Ritter 2007). Bouguerral et 

al. (2011) emphasize the possibility of using currently-available microencapsulated PCMs, which 

are made with paraffin waxes embedded in small spheres of polymer, in building construction by 

mixing them with building materials or facing wallboard. They also found that the PCMs available 
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on the market can easily be added to plaster and can thus be installed in new construction or during 

the renovation process of an existing building. 

Most of the applications of PCMs in buildings focus on heating or cooling by using natural or 

manmade resources to achieve the required thermal comfort (Mehling et al. 2002). As previously 

mentioned, the materials containing PCMs can absorb and release heat more effectively than most 

traditional building materials, and therefore, they can be successfully used in components of 

building enclosures to improve thermal comfort in interior spaces (Madhumathi and Sundarraja 

2012). Moreover, PCMs can maintain hours of comfort to the interior space while being occupied 

for longer periods of time (Manioglu and Yilmaz 2008). However, PCMs must be selected and 

applied very carefully, specifically in accordance with fire and other building codes following 

sound engineering practices. 

Using PCMs in buildings is also suitable to improve thermal comfort because of their ability to 

adapt to the differences between indoor day temperatures and outdoor night temperatures (Zalba 

et al. 2004). In hot dry regions, where temperature changes during a 24-hour period are more 

significant, PCM application becomes an even more motivating factor, as it can reduce and absorb 

daytime heat gains and improve thermal comfort for interior building environments (Madhumathi 

and Sundarraja 2012). Thus, PCMs are especially suitable in arid and semi-arid areas, when the 

solar irradiance is maximal during the day and the energy demand reaches its peaks because of air-

conditioning loads (Nath 2012).  

In summary, PCMs have the potential to reduce the energy needed for space heating, or cooling, 

while improving the thermal comfort of interior spaces in building applications as well as reducing 

the cost during building operation time. Figure (13) shows the potential and the opportunity to 

utilize PCMs in building construction. 
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Figure (13)  Potential and opportunity to utilize PCMs in building construction. 

In general, most lightweight building materials (including PCMs) have the advantages of being 

energy saving, land saving, waste utilizing, environmentally protective, and increasing labor 

productivity (Ma et al. 2015). Furthermore, PCMs are useful in reducing transportation time and 

cost according to their mass and volume. They also require much less labor to install and provide 

lightweight solutions for achieving up to a 98% reduction in heating and cooling costs of buildings 

(Craig 2012). Additionally, by taking advantage of PCMsô properties, PCMs help workers and 

construction laborers to accomplish their tasks with less effort and time in comparison to the 

quantities of thermal mass of a heavyweight building material. Finally, PCMs are very useful in 

providing high thermal storage components without increasing building loads, which has a direct 

impact on the building structure and HVAC load calculations. 

 RESEARCH GAPS 

Background literature indicates the relation that exists between PCMs and their capacity to control 

temperatures in different applications. Also, it reveals several gaps that exist in terms of utilizing 

PCMs in building enclosures for energy savings and thermal comfort. These gaps can be 

summarized as:  
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1. Gap in technical knowledge, 

2. Gap in PCMs selection, and 

3. Gap in PCM implementation as building material. 

2.9.1  GAP IN  TECHNICAL  KNOWLEDGE 

There is an increasingly empirical and theoretical interest in how knowledge is shared and 

integrated across building practice boundaries. In building construction practices, theoretical 

knowledge has a significant role for architects, engineers, contractors, and building material 

manufacturers. However, a practical application through a scientific approach proves the 

effectiveness of any building material and shows its improvement to or deterioration in building 

construction.  

Cooperation between scientists, architects, engineers, contractors, and manufacturers allows them 

to achieve their common goals more effectively in building construction and provides expanded 

products and materials that can improve building performance. However, PCMs in building 

construction are still a work in progress in terms of gaps in technical knowledge, research, and 

effective application. In other words, there is a lack of understanding of PCMs and their application 

in building construction. The design and engineering community are just now gaining some 

understanding of the possibilities of PCMs, but the technical knowledge transfer is very slow, 

especially given the complexity of design for PCMs in building enclosures (Seventh Wave 2016). 

While many studies have been conducted to realize the potential benefits of incorporating PCMs 

into building construction and even though research has increased over the years, there is still a 

need to conduct more research to enhance the understanding of PCMs and their role in building 

construction. Figure (14) shows the number of journal articles that have been published between 

1979 and 2010 and illustrates the tremendous growth of scientific research over the past few years 

(Kuznik et al. 2011a).  
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Figure (14)  Number of publications of PCMs in building envelopes (1979-2010) 

(Kuznik et al. 2011a). 

In a wide range of building applications, the effect of building discomfort can be solved by air-

conditioning systems or by incorporating insulation material in building enclosures. By reviewing 

the previous studies that focus on different types of PCMs and their application in building 

construction, this research attempts to fill the gap in lack of knowledge. Concentrating on the 

studies that use assessment techniques from different perspectives to study varying positioning of 

PCMs within building enclosures is considered the primary strategy of this research to fill the gap 

in technical knowledge. The literature review discussed and illustrated the different thermal 

performance of PCMs, specifically in areas that have a fluctuation in outside temperatures. 

Quantification of impacts and benefits when measuring the improvement in thermal performance 

that utilizes PCM can be used to develop a clear understanding of PCMs for building applications. 

Therefore, a study of PCMs and an evaluation of their uses within building enclosures will enhance 

the technical knowledge of PCMs and their role in improving the thermal performance of 

buildings. 
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In this research, a review of the literature is used to present general information about PCMs such 

as: their properties, their advantages and disadvantages, their types, and different application. Also, 

this research highlights the effect of utilizing PCM in building application. The literature review 

has been carefully delivered to fill the gap in technical knowledge. More specifically, it focused 

on areas that enhance the understanding of PCMs as latent heat storage materials and their role in 

building application. 

2.9.2  GAP IN  SELECTION  

There are several factors that need to be considered when selecting a phase change material. The 

type and amount of PCMs required varies considerably according to building type and location. 

As previously mentioned, a PCMôs temperature remains constant during the phase change, which 

is useful for keeping the subject or object at a uniform temperature and can improve the comfort 

level of the environment inside the building when it is used within the building enclosure (Sharma 

et al. 2009). Thus, selecting a practical solution for building materials has a major role in 

maintaining thermal comfort and improving building thermal performance in general. For 

example, in the summertime, peak heat flow crossing a painted roof deck using reflective 

insulations and PCMs sub-venting air channels was reduced by about 70% compared with the heat 

flow penetrating a conventional shingle roof (Kosny et al. 2007). This specific application for 

instance shows the impact that PCMs can have on building performance according to the type of 

PCM selected, which subsequently affects the thermal comfort of the physical indoor environment 

(Ibid.). Thus, properly chosen PCMs could improve thermal comfort in buildings and minimize 

the use of air conditioning systems and energy consumption during warmer and colder months.  

Thermal interface materials come in a wide variety of product types and price points. In spite of 

this, selecting PCMs in building construction remains a challenge task. There is a gap between 

known and functional applications of PCMs in various fields outside of construction and a 

potential utilization that is specific for building enclosure systems. Having a basic understanding 

of their strengths, weaknesses, and applicability is key to the successful selection of the best 

interface material for application needs. 

Ghoneim et al. (1991) mention the required PCM properties for best practices in general 

applications, which primarily determine the performance of PCMs and include: 

1. Melting point should be in the operating temperature range, 
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2. High latent heat of fusion per unit mass, which ensures high energy density, 

3. High specific heat to provide additional significant sensible heat storage effects, 

4. High thermal conductivity in both solid and liquid phases, so that the temperature 

gradients for charging and discharging the storage material are small, 

5. Small volume changes during phase transition, as it reduces the size of encapsulating 

materials and ultimately the heat exchanger, 

6. Exhibit little or no super cooling during freezing and possess high density, 

7. High chemical stability especially at higher temperatures, no chemical decomposition 

upon extended cycling, and reaction resistance to encapsulating materials, 

8. Should be non-poisonous, non-flammable, and non-explosive elements or compounds 

in the entire operating temperature range, and 

9. Should be affordable and durable.  

There is a comprehensive list of possible material that may be used for latent heat storage in 

different applications (Abhat 1983). Yet, a systematic choice is difficult as a particular PCM may 

only have some of the desired characteristics but may not possess the others. For example, water 

has high latent heat of fusion, is cheap and available, and is not toxic, flammable, or corrosive, 

which make water an ideal PCM. On the other hand, its solid-liquid phase change temperature at 

0 °C makes it an unsuitable PCM for any application where ambient temperatures are generally 

above 0 °C.  

Milisic (2013) studied the commercial market and found a large number of varieties of different 

PCMs that were available at different melting temperatures and different ranges of latent heat of 

fusion. However, no single PCM has achieved all the required properties, so a suitable system 

using available materials is required to balance lacking properties with enhancementsðsuch as 

containment and increasing conductivity (Mehling and Cabeza 2008). In order to fill the gap in 

selection regarding a suitable PCM for building construction, a systematic review of the literature 

has been used to highlight the properties that are required in the PCMs to be used in building 

application. The findings of this review are clarified in this section.  

Since the integration of appropriate thermal energy storage systems and the selection of suitable 

PCMs plays a very dominating role in thermal performance, the selection criteria of PCMs is 

discussed in this section. There are different types of PCMs for different applications with many 

purposes (Viljoen et al. 1997). In building construction, not all PCMs can be used as thermal 

energy storage, as they must have certain desirable thermo-physical, kinetic, chemical, technical, 
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and economic characteristics (Cui et al. 2015). The literature review included here focuses on the 

criteria that are related to building applications. 

The idea of using a PCM is to store cool energy for day-time cooling requirements in summer or 

to store heat energy for night-time heating requirements in winter. In order to select a practical 

qualified solid-liquid phase transition PCM as latent storage material for a specific application in 

building construction, the systematic literature review below summarizes the essential criteria that 

were established by Furbo and Svendsen (1977) and further developed by Abhat (1983) and Lane 

(1983). Recently, Sharma et al. (2009) and KoŜny (2015) clarified and emphasized these criteria 

that are related to the properties of the PCMs for building application as the following: 

Thermal Properties for Building Applications : a) The main criteria of selecting PCMs is the 

melting point, as it must be suitable for and situated in a temperature range between the enclosure 

boundary conditions to store energy for practical use; b) The heating or cooling temperatures of 

operation should be matched so that the transition temperature of the PCM is crossed during cycles; 

c) The latent heat of the PCM material should be high to minimize the physical size of the thermal 

mass of storage and to be suitable for phase-transition temperatures; and d) Thermal conductivity 

should be high to assist the charging and discharging cycles of the energy storage. 

Chemical Properties for Building Applications : a) The chemical stability during melting or 

solidifying phases hast to be long-term for suitable building enclosure applications; b) PCMs must 

be compatible with other building enclosure materials; and c) Any utilized PCM must be nontoxic, 

nonflammable, non-oxidizing, and non-explosive to be in compliance with fire safety codes. 

Physical Properties for Building Applications : a) PCMs should have phase equilibrium and b) 

PCMs with high density and small volume change are preferable to allow for a smaller size of 

storage space. 

Economical Properties for Building Applications : a) PCMs must be available as a construction 

material in the regional contexts, and b) They must be affordable enough in a broader context (e.g., 

initial cost, transportation, construction time) to provide a viable alternative to other construction 

materials. 

While Khudhair and Farid (2004b) demonstrated different properties for building applications, 

PCMs should have a phase change temperature within the human comfort zone, especially when 

they are applied close to occupied spaces. Therefore, it is important that the appropriate PCM be 
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selected for each type of application so that an efficient utilization of a PCMôs melting-freezing 

range is reached and the used latent heat storage can store and release the energy at the desired 

temperature within a space (Feldman et al. 1995). 

These criteria can be considered as an entry point for selecting a practical PCM for building 

applicationsðwith the optimum melting point varying between 0 °C and 30 °C, depending on 

application (Whiffen and Riffat 2013). There are significant numbers of PCMs that melt and 

solidify at a wide range of temperatures, making them attractive for several applications. Drake 

(1987) set up several equations to calculate the optimum melting temperature for a desired PCM. 

Peippo et al. (1991) further developed these equations to be used as decision tools that contribute 

to the selection of practical PCMs for a required application. These equations can be used to 

explain the decision statements of utilizing a PCM in a particular application by calculating the 

optimum melting point temperature Tm for a PCM (Whiffen and Riffat 2013): 
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where Tr is the average room temperature, Q is the total heat absorbed per room surface area, h 

the average heat transfer coefficient between wall surface and surroundings, and tstor the storage 

time. The average room temperature is calculated through: 
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where the different temperatures T and times t are defined by the subscripts d and n referring to 

day and night. 

Barreneche et al. (2014) studied most of the PCMs that can be used for active and passive systems 

in building applications. They demonstrated a new database to be used when selecting a PCM for 

thermal energy storage in buildings applications. Also, they showed a different classification of 

PCMs to be used for building applications according to their melting point. This new database is 

helpful during the PCM selection process, depending on the requirements of the application. 

Moreover, Zeng et al. (2017) presented results of evaluable PCMs for building applications and 

analyzed selection criteria for suitability uses in specific regions. They explained their selection 

criteria to provide a clear picture of current PCM products with a consideration of changing climate 

(Zeng et al. 2017). 



 

34 

 

2.9.3  GAP IN  I MPLEMENTATION  

One of the incentives of using PCMs in building construction is the reduction in storage volume, 

which can be achieved by using latent heat. This feature allows for saving large amounts of energy 

better than other heat storage systems (Kaygusuz 1995). In buildings, thermal energy storage 

comes in two forms: sensible heat storage (SHS) and latent heat storage (LHS). SHS systems 

charge and discharge energy, or heat, by using the heat capacity of the material and a corresponding 

change in temperature without changing phase. The SHS capacity of building materials has been 

recognized and used for centuries by builders to passively store and release thermal energy, but a 

large volume of building material is required to store the same amount of energy in comparison to 

latent heat storage. At the same time, increasing the quantity of building material in SHS systems 

may lead to better thermal mass storage, which can improve thermal comfort without increasing 

energy consumption, but the structural weight will also increase. Therefore, consideration should 

be given to materials with low weight and higher heat storage capacity that can also increase 

thermal comfort and reduce energy consumption. In general, PCMs weigh less and are used in 

different applications as a temperature moderator, so they could also be used to improve the 

internal temperatures of buildings while consuming less energy and replicating the thermal mass 

of a heavyweight building materials in a light building enclosure.  

There are different ways to integrate PCMs within building enclosures. Todayôs constructions 

increasingly rely on modern lightweight building methods with highly insulating materials. The 

lack of thermal storage mass leads to a negative impact on indoor climates. The impact of using 

thermal storage can be seen clearly in thermal comfort and energy savings from cooling and 

heating. Finding a solution to increase thermal storage without increasing a buildingôs total mass 

encourages the use of PCMs to achieve the benefits of thermal comfort and energy conservation. 

Thus, the implementation of PCMs can reduce indoor temperature fluctuations and improve the 

thermal comfort of occupants.  

The most popular PCMs need to be clarified and the practical difficulties in implementing them 

require a detailed description to illustrate the type and location of each PCM and the best practice 

of its use in building construction. The thermal improvements in buildings caused by the 

integration of PCMs depend on the uses of PCMs within different components of the building 

(e.g., wall, floor, or roof) (Akeiber et al. 2014). There is a large-scale gap in the implementation 

of efficient thermal energy storage systems and the successful implementation of effective 
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components in building construction. The appropriate way of integrating PCMs needs to be 

clarified with information available from the Architecture, Engineering and Construction (AEC) 

sector based on their vast knowledge of building material behaviors and properties in order to 

bridge the gap between applicable PCMs and their current use in building construction (Ayyad 

and Baaziz 2012). Figure (15) shows the gap between AEC decisions and the application of PCMs 

in building construction, and demonstrates the need to conduct research that involves an 

assessment of utilizing PCMs in building enclosure systems in order to evaluate the potential 

improvement in conserving energy and thermal comfort. 

 

Figure (15)  A lack of implementing PCMs in building construction. 

A PCMôs position within the building enclosure has a significant effect on thermal conditions, and 

the methods of implementation and positioning need more assessment for best practices in 

utilization. To fill this gap, a systematic review was undertaken to focus on the implementation of 

PCMs in building applications. The findings of this review are presented in this section.  

For decades, PCMs have been tested as a thermal storage elements in building applications, and 

the majority of these studies have found that PCMs enhance building energy performance (KoŜny 

et al. 2009). Oak Ridge National Laboratory (ORNL) conducted several experiments to assess the 

impact of PCMs on building construction. For example, Childs and Stovall (2012) tested selected 

PCMs placed in an exterior wall and then studied a broad range of parameters that can influence 
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the uses of a merged thermal storage thermal insulation system on building performance. Also, 

Biswas et al. (2013) tested a wall built with PCM and found that an enhanced wall with PCM has 

the potential for energy savings compared to common cellulose insulation. 

Ismail and Castro (1997) conducted field tests for a wall and roof that contained PCM, and 

demonstrated the effectiveness of PCMs in maintaining a constant and stable indoor temperature 

and a reduction in the necessary installed capacity of air-conditioning units. Zhang et al. (2005) 

used a frame wall that integrated a highly crystalline paraffin PCM via macro-encapsulation for 

field testing. They demonstrated the impact of this enhanced frame wall with PCM on reducing 

peak air conditioning demand in residential buildings and reducing wall peak heat fluxes by 38%. 

Mathieu-Potvin and Gosselin (2009) provided a numerical analysis of a wall with one PCM layer 

to provide fundamental results that may help to understand the impact of a PCM when it is 

integrated in real building enclosures. Jin et al. (2014) conducted a Differential Scanning 

Calorimeter (DSC) test for wall experiments, which showed significant effects on the thermal 

performance of buildings.  

In brief, the application of PCMs in building construction has several advantages. The effect varies 

by the material used and its respective properties as mentioned above, but also changes with 

different positions. This research illustrates the effects of PCM positions in terms of improving the 

thermal performance in buildingsðspecifically in terms of thermal comfort and shifting loads to 

off peak times. Moreover, thermal performance of any building can be affected by a variety of 

factors such as the type of the enclosure materials, thickness of insulation, and outdoor conditions 

(including their period of cooling and heating). Therefore, the effect of PCM positioning within 

the cavity of a building enclosure on thermal performance was evaluated by using a quantitative 

comparison method of different wall assemblies and analyzing three positions: a) wall assemblies 

without PCMs (NP), b) wall assemblies with PCMs in the exterior position of a cavity (EP), and 

c) assemblies with PCMs at the interior position of a cavity (IP)ðwith varying numbers of layers, 

thicknesses, and other components.  

Thus, the impact of implementing PCM in building enclosure has been determined and the present 

study compares three factors to examine their impact on building thermal performance. These 

factors are: 
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1) Impact of PCM position 

To study the impact of PCM position, three types of specimens were investigated: a 

specimen with PCM positioned on the exterior side of a cavity, a specimen with PCM on 

the interior side of a cavity, and a specimen without PCM in the cavity.  

2) Impact of PCM quantity 

For this factor, there were two types of components analyzed. First, a specimen with two 

layers of a packaged PCM layer material were attached to each other to study their effect as 

a latent heat storage. Second, a specimen with only one layer of the packaged PCM material 

was studied. Third, a specimen without any PCM was used as a baseline for the comparison 

tests. 

3) Impact of insulation thickness  

This study used one type of insulation, which was an extruded polystyrene (XPS) with 2.5 

cm layer thickness, for a better linear comparison. To study the impact of insulation 

thickness in connection with PCMs, there were two specimens configured. The first type of 

specimen utilized three layers of XPS and the second utilized only one layer of XPS.  
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3  RESEARCH APPROACH AND METHODOLOGY 

 PROBLEM STATEMENT  

In general, higher standards of living are being demanded today worldwide. This means that air 

conditioning energy consumption in different seasons represents a challenge in many areas with 

hot or cold climates. Heating and cooling loads represent the largest portion of energy consumption 

in buildings. Providing thermal comfort for building occupants is a very important task for 

architects, engineers, and contractors. PCMs work efficiently in many fields as a temperature 

controller, but their application in building construction is very rare. PCMs are useful products for 

thermal management solutions. This is because they store and release thermal energy during the 

process of melting and freezingðin other words, the change from one phase to another. Yet, high 

performance PCMs are still not used frequently as thermal storage in building construction and 

some challenges exist regarding applying PCMs as building materials to be used in the building 

enclosure. Currently, a lack of technical knowledge of how to utilize PCMs (e.g., positioning and 

climate) in building enclosures limits the use of PCMs in construction practice. There are several 

significant potential benefits of integrating PCMs in buildings for improving thermal comfort and 

reducing energy demand, but further investigations are needed to assess their actual utilization and 

benefits toward energy performance in building enclosures. 

 RESEARCH GOAL 

The goal of this research is to provide an overview of opportunities and challenges for the 

utilization of PCMs in the AEC sector, a broader understanding of specifically promising 

technologies, and a clarification of the effectiveness of different applications in building enclosure 

designsðespecially for exterior walls. Some secondary goals of this research include: 

1. Bridging the technical gap between known and functional applications of PCMs in 

various fields outside of construction and their potential utilization specific to 

building enclosure systems. 

2. Examining the opportunity of utilizing PCMs in building enclosures to enhance 

thermal comfort. 

3. Evaluating the contribution to energy savings by incorporating PCMs in building 

enclosures. 
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 HYPOTHESES 

Since PCMs have beneficial applications in several fields, the hypothesis of this research is that 

the utilization of PCMs as building materials in building enclosures could enhance the following: 

1. Improving thermal comfort for a buildingôs occupants by: 

a. Maintaining a more constant indoor surface temperature,  

b. Reducing periods of overheating, 

c. Insulating the interior space from the outside temperature and storing heat to 

be used later, and 

d. Using a thin layer of PCM that maintains a constant temperature and could be 

used to control the differences in temperatures across a layer of wall 

components. 

2. Energy savings in buildings by: 

a. Shifting loads to off peak times,  

b. Reducing heating and cooling loads, and 

c. Minimizing running time of HVAC systems and reducing their load. 

 RESEARCH QUESTIONS  

The following research questions were formulated to address the specific gaps identified from 

reviewing the current literature. Since the goal of this research is to assess the utilization of PCMs 

in terms of energy performance in building enclosures based on an in-depth understanding of 

impacts, benefits, and limitations of integration, the research has been guided by the following 

overarching question: 

How can PCMs be utilized effectively to enhance building performance and improve thermal 

comfort while reducing heating and cooling energy consumption in buildings? 

This question has been further broken down into the following two sub-questions: 

¶ How can PCMs contribute to energy savings in buildings and what are the 

mechanisms and systems that can be utilized to achieve these savings? 

¶ How can PCMs be utilized in building enclosures to improve thermal comfort and 

reduce the range of internal air temperature differences? 
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The outcomes of this research include developing climate specific empirical models that explain 

the behavior of PCMs when integrated inside building enclosures. In addition, the climate specific 

response behavior has been studied to understand the various effects of different variables (e.g., 

melting temperature, latent heat of fusion, proportion of PCM, positioning within the building 

enclosure, etc.) in the total thermal performance of a building enclosure. Finally, an effectiveness 

study has been performed to develop clarification and guidelines that can assist designers and 

engineers, as well as manufacturers in making performance-based decisions when implementing 

or manufacturing PCM technologies. 

 RESEARCH OBJECTIVES 

To achieve the proposed research goal and to answer the research questions raised above, the 

following research objectives have been laid out. These objectives can be grouped into three main 

categories and they are discussed in regard to their purpose and context within the overall research 

goal. 

 

Objective A: Study PCMsô properties and clarify the purpose of utilizing them in building 

enclosures 

This objective discusses three domains: 

A.1. Review existing applications of PCMs in different fields and their ability to control 

thermal temperature 

A.2. Study the thermal properties of PCMs that can be used in construction practices 

A.3. Review previous studies to understand the impact of utilizing PCMs in buildings on 

thermal performance 

To achieve this objective, first a general literature review has been conducted to study PCMs in 

building construction, which was followed by a systematic literature review to focus on the 

application of PCMs in building enclosures. A systematic literature review typically defines an 

analytical search method based on a set of keywords. The systematic literature review carried out 

under this objective focuses on keywords such as PCMs, enclosure, energy, comfort, shifting 

loads, and positioning. 
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Objective B: Present selection criteria that can be used to choose practical PCMs for building 

enclosures 

This objective discusses three domains: 

B.1. Review previous studies that include general properties of PCMs for practical 

application 

B.2. Demonstrate significant properties of PCMs to be used in construction practices 

B.3. Determine specific properties and their role when PCMs are utilized in a building 

To achieve this objective, first a literature review has been conducted to study the general 

properties of PCMs. After that, presenting the important properties that have to be considered when 

selecting a PCM for building construction. Then, a systematic literature review was conducted to 

specify certain properties and their effects on a buildingðsuch as the melting point of a PCM. 

Objective C: Evaluate the contribution of utilizing PCMs in building enclosures to thermal 

comfort 

This objective discusses three domains: 

C.1. Study thermal comfort and clarify the relationships between utilizing PCMs in building 

enclosures and improving thermal comfort in a building 

C.2. Develop thermal comfort metrics to indicate thermal comfort time during certain periods 

and measure the differences between configurations in the study 

C.3. Evaluate the effect of utilizing PCMs in building enclosures on reducing internal 

temperature fluctuations 

To achieve this objective, laboratory experiments have been conducted. Different climate 

conditions and different positioning in walls were considered to assess PCMs in different 

scenarios. For this objective, a PCM was evaluated in a test apparatus under controlled conditions 

to evaluate the thermal radiant performance of walls with and without PCMs under different 

temperature conditions. The evaluation includes monitoring of how PCMs behave in different 

climates, as well as their ability to reduce air temperature fluctuations in a room. Different 

positions of PCMs within wall components have also been studied to evaluate the relationship 

between the position PCMs in building enclosures and the thermal comfort of interior spaces. 
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Objective D: Identify the effectiveness of utilizing PCMs on saving energy 

This objective discusses two domains: 

D.1. Develop load shifting time metric to indicate period of shifting load to off peak time 

and measure the differences between configurations in the study 

D.2. Evaluate the effect of utilizing PCMs on shifting loads to off peak hours 

This objective again has been achieved by laboratory experiments. Different climate conditions 

and different positioning in walls was considered to assess PCMs in different scenarios. There was 

an evaluation of the effects of PCMs on energy savings by discussing sensor positions and load 

shifting time on the exterior versus the interior side of wall components.  

Heating and cooling cycles were used to investigate the effects of PCMs on energy savings. In 

turn, this provided insights into the relationship between the climate condition and the effects of 

PCMs on reducing a fluctuating range of temperatures for the interior space as well as their impact 

on time load shifting time. For this objective, assessing an interior and exterior positioning of 

PCMs in building enclosures in terms of energy efficiency has been achieved using laboratory 

experiments. Comparing the results identified differences in the potential of PCMs to shift loads 

to off peak periods and evaluate the contribution of this shifting to overall energy savings.  

 RESEARCH METHODOLOGIES  

The study relies on an exploratory quantitative method research design, which includes a 

systematic literature review, laboratory experiments, and validation. Generally, experimental 

approach in exploratory quantitative methods contains four elements, which are subjects, 

materials, procedures, and measures (Creswell 2014) to achieve the research objectives. This 

approach starts with a systematic literature review and is followed by quantitative laboratory 

experiments and research validation. 

A systematic literature review is necessary to obtain a specific understanding of PCMs, their 

successful application in different fields, and their potential use in building construction. In the 

same way, such a review of the literature has also been used to investigate the utilization of PCMs 

in building construction and provide the required statistical results to prove the benefits of 

implementing PCMs in building enclosures. The methods described in this research provide a 
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specific description of the process of PCM behavior during the experimental stage based on the 

significance of different variables and measurable outcomes. 

The systematic literature review has been used both to develop a broad understanding of PCMs 

under different conditions and to demonstrate impacts of individual scenarios on a larger scale of 

PCM application. First, data has been collected from previous studies that have similar design 

conditions. Then, results have been analyzed to evaluate PCMs that can be used for laboratory 

experiments. The rationale of this approach was to refine and expand results by explaining the 

existing technical knowledge, as well as providing a broad picture of the opportunities and 

challenges for the utilization of PCMs in the AEC sector. Both data sets have been merged into 

one final output to provide better understanding of specifically promising technologies and 

applications in building enclosure design.  

In this exploratory quantitative method approach, a systematic literature review has been used to 

understand PCMs and their role in building application in the theoretical stage, and laboratory 

experiments were conducted to collect quantitative data in the practical stage. In summary, to 

achieve the objectives of this research, three main approaches have been used in this research: 

1. Systematic Literature Review 

2. Laboratory Experiments 

3. Validations 

By using an exploratory quantitative approach, the goal of the research has been achieved to end 

with a practical assessment of application opportunities on how to effectively utilize PCMs in 

exterior walls of buildings as a way to enhance building performance and improve thermal comfort 

while saving energy. 

3.6.1  SYSTEMATIC LITERATURE  REVIEW  

A systematic literature review is a methodology that identifies relevant studies, considers their 

quality, and provides a brief synopsis of their results by using a scientific examination of the 

information that is available on a given topic (Khan 2011). To this end, Khan (2011) lists the five 

preferred steps in a systematic review. These steps are: 1) Framing questions for a review; 2) 

Identifying relevant literature; 3) Assessing the quality of the literature; 4) Summarizing the related 

information; and 5) Interpreting the findings. 
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The systematic literature review methodology uses an approach that selects only specific studies 

that meet particular criteria, meaning the studies that particularly emphasize the reliability of the 

evidence that is produced by a previously published research (Ham-Baloyi and Jordan 2015). More 

specifically, it uses a precise set of criteria by which one considers the precision and validity of 

previously published research as the primary feature of a systematic review (Ibid.). 

A systematic literature review methodology has been used in this research to narrow down the list 

of relevant variables that have a significant impact on energy savings and thermal comfort to 

develop a guideline and experimental setup. The researcher started by specifying the research 

questions to conduct research on PCMs in general and for different applications in different 

disciplines. Then, a set of keywords was defined and used to determine the analytical research 

method in relevant studies. This step was followed by studying PCMs in building construction and 

their uses for different climates. After that, PCMsô applications, particularly in building enclosures 

were considered by focusing on their impact on thermal performance. Finally, this method was 

used to summarize the criteria for selecting PCMs for building construction and to select a PCM 

that would be used in this research. Figure (16) shows the main steps of the systematic literature 

review in the research. 

 

Figure (16)  Steps of the systematic literature review. 
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3.6.2  LABORATORY EXPERIMENTS  

An experiment is a test of a hypothesis to study the actual relationship between two or more 

variables (Patzer 1996). The purpose of an experiment is to study a cause and its effect(s) to define 

the possibility of uses and implementations. This differs from non-experimental methods in that it 

involves the deliberate manipulation of one variable, while trying to keep all other variables 

constant (Holah 2006). The experimental method is one of the most scientific methods, and 

experimental research can be described as the cornerstone of a research study due to the main role 

that experiments play in many science domains (Ibid.). The experimental method could be 

described as a systematic and scientific approach to investigating different variables by controlling 

one or more variables as a means to observe and measure any change in other variables. 

Typically, the laboratory experiment is conducted in a setting expressly prepared for the research 

study and two main features: 1) the ability to investigate an actual causal relationship and 2) the 

possibility to control a major component of the research study (Patzer 1996). It is important to 

keep in mind that this methodology is typically carried out in artificial environments with specific 

control over individual variables.  

3.6.2.1  LAB EXPERIMENTS IN BUILDING CONSTRUCTION 

Laboratory experiments are very common in building construction because they allow researchers 

more control over involved variables and they are easier to validate the results. The main advantage 

of this methodology is the possibility of replicability and studying under a controlled environment; 

however, at the same time this is a drawback as it only validates results of an artificiality setting. 

Laboratory experiments are widely used to study many types of materials and often test a product 

later in the actual environment (Holah 2006). 

3.6.2.2  EXPERIMENTS IN REGARD TO THERMAL PERFORMANCE:  COMFORT AND ENERGY 

Thermal performance has been studied in experiments for decades. In 1978, Hannay, Laret, 

Lebrun, Marret, and Nusgens studied experimentally the thermal comfort of a room heated by 

different producers, such as a radiator, a convector, and a heated floor (Le Dréau et al. 2014). In 

1980, Olesen et al. conducted an experimental study for thermal comfort as a part of a larger 

research project dealing with the comparison of thermal comfort and energy consumption in a 

room heated by different methods. The purpose of such studies has primarily been to determine 
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thermal performance and the parameters that could affect it in different disciplines. For example, 

Lawal and Ojo (2011) assessed thermal performance of residential buildings in field experiments, 

whereas Peng et al. (2013) conducted an experiment research to study the thermal performance of 

a novel photovoltaic double-skin façade.  

3.6.2.3  EXPERIMENTS WITH PCMS IN CONSTRUCTION 

Scientists and researchers have been experimenting with PCMs for construction applications in 

different ways. In several studies, specific experimental conditions were designed to study PCMs. 

For example, Lin et al. (2005) studied under-floor electric heating systems with shape-stabilized 

PCM plates in a prototype house. Different PCMs were studied with different melting and 

solidification processes that were then experimentally tested in the field and laboratory (on a larger 

scale) in a shell-and-tube heat exchanger for various inlet temperatures and mass flow rates. More 

pertinent to this study, Zastawna-Rumin and Nowak (2015) analyzed thermal performance of 

building components that contained PCMs in experimental study. 

3.6.2.4  EXPERIMENTAL CONTEXT FOR RESEARCH APPLICATION 

In this research, laboratory experiments have been conducted to achieve objectives C and D, which 

require a real experiment to fulfill the actual aim of this study. Moreover, experiments were carried 

out under these sections to demonstrate the cause and effect within the experimental setting and 

control of variables. 

3.6.3  VALIDATION  

There are several methods to validate the results of experimental research. The main two types are 

internal validations and external validations. Experimental research is the most appropriate study 

for drawing relationship between cause and effects, and most experimental research designs are 

repeatable and therefore, results can be checked and verified internally (Center for Innovation in 

Research and Teaching (CIRT) 2010). In laboratory experimental research, better results are often 

achieved according to the controlled environment, and experimental research designs help to 

ensure internal validity (Ibid.). Also, the experimental procedure and method of conducting testing 

are the main parts of the internal validation (Creswell 2014). Therefore, to validate the results of 

the laboratory experiments, an internal validation strategy has been used. Different input factors 

and different climate scenarios have been demonstrated to realize the validation strategy through 
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verifying the opportunity to utilize of PCMs in building enclosures, and especially in wall systems. 

Validating the results of the laboratory experiments used internal validations through: 

1. Repeatability of the same experiment for the same specimen for three days with two 

cycles of cooling and heating for each day with the same parameters to verify the 

result of the tests. The repeatability has been used for all test configurations. 

2. Sequential testing to validate consistency in conditions of the experiments, to 

compare different specimens that have faced the same condition, and to demonstrate 

the similarities and differences in each test result. 

 CAPTURING OBJECTIVE DATA AND  MEASUREMENTS METHODS 

Various measurement methods and setups can support thermal performance assessment but 

capturing objective data and numerical outputs for assessing the influence of PCMs on thermal 

performance is dependent on the measurements, equipment, and properties of the materials. 

Commonly, theoretical and experimental analyses of a buildingôs thermal performance can be 

conducted on three levels: material scale, system scale, and entire building scale (Fletcher et al. 

2015). However, in laboratory experiments, the assessment of PCMs and their effect on the thermal 

performance of a building is usually limited to an analysis of the material and systems scale. Since 

PCMs have complicated thermo-physical properties, different measurements, and several 

characterizations when they change phases, defining their thermal characterization is essential for 

assessing their impact on thermal performance. Moreover, doing so provides reliable data for 

assessments. Also, the most conventional equipment and methods are commonly designed to test 

solid or liquid materials with a steady state temperature. Alternatively, some techniques are 

designed to test small, pure, and standardized materials, which do not undergo changes in 

properties during temperature changeðsuch as sub-cooling and significant variation of the thermal 

conductivity.  

However, nowadays, there are particular technologies that are available for measuring the thermo-

physical characterization of PCMs, specifically latent heat of fusion, melting/freezing temperature, 

enthalpy temperature, and thermal conductivity and diffusivity of the materials. Most of these 

measurement techniques and equipment have been developed in different research centers and 

universities to analyze thermo-physical properties of PCMs. These measurement techniques 

include, for example, Differential Scanning Calorimetry (DSC), the Twin bath method, T-history 

method, Tït comparative curves (KoŜny 2015), Panel test experimental set-up, Simple thermal 
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analyzer, Thermal test device, Energy balance setup, PCM-air heat exchangers set-up, Test room 

from Fraunhofer (Cabeza et al. 2015), and wall simulators (Evers et al. 2010). 

The most commonly used and widely accepted techniques to determine the properties of PCMs 

and how they react according to temperature change are: the Differential Scanning Calorimetry 

(DSC), Differential Thermal Analysis (DTA), the T-history Method, Dynamic Hot-Box Testing 

Method (DHBTM) (Cabeza et al. 2015; KoŜny 2015), and wall simulators for different structural 

systems in test apparatuses and chambers (Vicente and Silva 2014). This research uses an 

experimental wall simulator (EWS) with thermocouple sensors in every layer of the specimens to 

record data the method to capture the objective data. Figure (17) shows a screen shot of the raw 

data recording during experimental time. 

 

Figure (17)  A screen shot of recording raw data by HOBOware software. 

 EXPERIMENTAL WALL SIMULATOR (EWS)  

This method has been used for many experiments and research studies. It was developed to 

measure heat transfer through building enclosure assemblies and study the impact of PCMs on 

different evaluated factors. It has two main parts: 1) A 5.0 cu ft chest-freezer to be used as a climate 

cell for the test apparatus to simulate different weather scenarios by replicating cold exterior 

temperatures, and three light bulbs (40 watts each) to create the hot exterior temperatures within 
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the chest for comparison and 2) Wall specimens with different configurations (component and 

thickness) to simulate a common wood framed stud wall with cavities.  

The EWS method has been used to assess the effects of different PCM specimens in different 

positions on thermal performance of building enclosure components. The benefit is EWS is that it 

is capable of changing the external temperatures and controlling the exterior space for certain time. 

It is therefore used to test the thermal performance of non-homogenous specimens, such as 

complex wall assemblies, cavity walls, insulated walls, or walls with PCMs. This is done by 

controlling the temperature on the exterior side of the material and measuring internal temperature 

fluctuation, which can be used to determine the thermal transmittance of a similar material as well 

as different materials for tested specimens. This research used EWS for testing different types of 

specimens in the laboratory experiments as a means to assess the influence of PCMs on thermal 

performance. A detailed description of its features and components are discussed in the 

experimental setup. 

 DEPENDENT AND I NDEPENDENT VARIABLES IN THE EXPERIMENTS  

This research focuses on studying a PCM in different positions within an enclosure assembly as 

well as investigating the practical methods of implementing PCMs for different climate 

temperatures. This has resulted in tangible benefits, emphasizing the features of utilizing PCMs in 

building enclosures by conducting practical experiments and illustrating the effect of a PCMôs 

position on thermal performance. Also, these experiments clarify how the method of utilizing 

PCMs can play a major role in reserving energy and improving thermal comfort for building 

occupants.  

Several variables have a significant impact on the assessment process and these variables are 

divided into two groups: 1) dependent variables and 2) independent variables. The group of 

dependent variables incudes thermal comfort, load shifting time, and PCM behavior, and the group 

of independent variables includes PCM position, PCM quantity, thickness of insulation, heating 

and cooling time, and exterior and interior temperatures as shown in Figure (18). Consequently, 

this research shows the variations of PCM positioning and their impact on thermal performance 

according to the dependent measurable variables. 

The laboratory experiments have a replicability feature, which supports the results and clarifies 

the practical implementation method of PCMs. More specifically, by running hot and cold climate 



 

50 

 

scenarios and changing the position of a PCM layer in a building enclosure, the fluctuation of the 

interior temperature was perceptible. Therefore, the laboratory experiments allow the specific 

effects of independent variables on dependent variables to be measured. This makes it possible to 

establish cause and effect relationships between variables. Moreover, the controlled conditions of 

laboratory experiments allow the researcher to isolate variables more effectively than with any 

other research method. This further allows the researcher to accurately measure the exact effect 

that other independent variables have on the dependent variable.  

  

Figure (18)  Dependent and independent variables in the laboratory experiments. 

 EVALUATION  CRITER IA TO CHARACTERIZE  THE I NFLUENCE OF PCMS  

The evaluation criteria in this research are divided into two main groups to characterize the 

influence of PCMs. These groups are: 1) evaluation criteria to characterize a PCMôs influence on 

thermal comfort and 2) evaluation criteria to characterize a PCMôs influence on energy savings. 

Working on these two factors is very important for evaluating a PCMôs impact on thermal 
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performance while, at the same time, these criteria may also elucidate the need for more concern 

in order to reach more rational levels of resource consumption. Johansson et al. (2012) 

demonstrated (in their analysis of the global range of energy uses) that almost 33% of the energy 

generated is used for building operations and most of this energy is used for air-conditioners to 

provide thermal comfort for occupants. They showed the possibility of reducing the total global 

energy use for heating and cooling by 46% in 2050 (compared with 2005) by using best practices 

in design, construction, and building operation technologyðeven with increasing demand of 

thermal comfort inside buildings.  

To characterize the influence of PCMs on thermal performance, certain objective data needs to be 

realized by a data extraction method to support the assessment of utilizing PCMs in building 

enclosures (Mavrigiannaki and Ampatzi 2016). Data extraction is the act or process of retrieving 

data out of (usually unstructured) data sources for further data processing (Vithal 2016). The 

extracted data come from unstructured data sources with different data formats. The unstructured 

data for this research came in the form of indexes and included total time from connecting sensors 

to export data. Using this method is useful for having the data in understandable forms for certain 

times. Also, it is beneficial for sorting and arranging data in order to assess thermal performance 

of buildingsðas it supports classifying data for analysis and clarifying tracking sources for several 

parameters that can affect data analysis. This method has been used to clean objective data for the 

assessment, which was used to identify how PCMs can affect the thermal performance of a 

building. This data includes: 

¶ Profiles of wall temperatures with and without the PCM layer, 

¶ A set of data for different specimens for each configuration, 

¶ A chart view of sensors readings for all wall layers, 

¶ Temperature changes in the PCM (and exterior/interior temperatures), 

¶ Temperatures across walls showing the differences between the normal wall and PCM wall, 

and 

¶ Temperature profile changes during the melting and freezing process. 
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3.10.1.1  EVALUATION CRITERIA TO CHARACTERIZE A PCMôS INFLUENCE ON THERMAL 

COMFORT 

Thermal comfort as defined by the American Society of Heating, Refrigerating, and Air-

Conditioning Engineers (ASHRAE) is the state of mind that expresses satisfaction with the 

surrounding environmentðas assessed by subjective evaluation. Thermal comfort is required by 

ASHRAE Standard 55-2013 for Human Occupancy (ASHRAE 2013). Therefore, providing a 

comfortable thermal environment that satisfies its occupants is an essential consideration for 

building designers and builders.  

Maintaining thermal comfort in building construction is one of the most important aims of HVAC 

systems. Normally, the suggested room temperature is 23.5-25.5 ºC in the summer and 21.0-23.0 

ºC in the winter (Zhou et al. 2012). Thermal comfort is a combination of a subjective feeling 

(person-related) and objective feeling (environment-related) (Fanger 1972). There are a number of 

factors that influence thermal comfort. According to the International Organization for 

Standardization ISO (1984), the six primary factors that directly affect thermal comfort can be 

grouped into two categories: personal factors and environmental factors. Each of these groups has 

different factors that affect thermal comfort. Environmental factors include air temperature, radiant 

temperature, relative humidity, and air velocity; personal factors include clothing insulation and 

activity level.  

Most assessments of thermal comfort represent a combination of subjective data (how building 

occupants feel) and objective data (environmental parameters in a building) (Martinez 2016). Since 

the experiments have been conducted by using a test apparatus in an enclosed system focusing on 

building design, this study used objective data only (specifically the temperature in different 

settings) to assess the impact of PCMs on thermal comfort.  

This research focuses on the thermal performance of a building and therefore, the objective data 

has been considered based on different amounts of a PCM, different insulation thickness, and 

different climate scenariosðas well as changing the positioning of the PCM layer. The data was 

collected through multiple laboratory experiments for all specimens to compare the control wall 

(without PCM) to the experimental PCM wall. Moreover, this research focuses on interior and 

exterior temperatures as a significant element for the evaluation criteria to characterize the 

influence of PCMs on thermal comfort. The exterior temperatures were constant across all series 
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of tests. The temperatures were measured at one-minute intervals for all experiments with the same 

instrument and sensors in two cycles of climate conditions. 

The interior surface temperature used in all experiments to indicate the differences from PCM 

positioning on thermal comfort used a metric for thermal comfort degree minutes (CDM) for hot 

and cold periods of the tests (Abuzaid and Reichard 2018). This research developed metrics termed 

Cooling Comfort Degree Minutes (CCDM) and Heating Comfort Degree Minutes (HCDM) that 

integrate the difference between room temperature set points and recorded surface temperatures 

against a temperature threshold (replicating the thermostat reaction range) for each PCM position. 

The following equations represent the metrics for CCMD and HCMD: 

##$-   Ôȟ Ô  ϽЎÍ  ÆÏÒ ÁÌÌ Ôȟ Ô  

(#$-   Ôȟ Ô  ϽЎÍ  ÆÏÒ ÁÌÌ Ôȟ Ô  

where 

ts,i  é the interior surface temperature in ÁC 

tthc é the reference (threshold cooling) temperature in °C 

tthh é the reference (threshold cooling) temperature in °C 

ȹm é the time interval in minutes 

3.10.1.2  EVALUATION CRITERIA TO CHARACTERIZE A PCMôS INFLUENCE ON ENERGY SAVINGS 

Energy savings in building applications is important during different seasons and represents a 

challenge in many areas. PCMs are considered to be one such advanced energy technology for 

thermal energy storage systems that could address this issue. There are different criteria to describe 

the impact of PCMs on energy savings. Dincer (2002) and Mavrigiannaki and Ampatzi (2016) 

discussed and proposed the most significant criteria that can be used to evaluate a PCMôs influence 

on energy savings. These criteria include six main groups, which are: context and application, 

element attributes, thermal properties, element performance, implementation aspects, and test 

conditions. In the first group (context and application), there are different parameters that effect 

the influence of PCMs on energy savings. These parameters are element, application, climate, 

season, auxiliary system, control, and internal gains. The parameters of the second group (element 

attributes) are PCM type, PCM amount, and thickness. For the third group (thermal properties), 

the parameters include: energy density, thermal capacity, specific heat capacity, conductivity, 
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temperature range, super cooling, storage duration, and discharge time. The parameters for the 

fourth group (element performance) are latent heat storage effect, surface temperature, and room 

temperature fluctuation. For the fifth group (implementation aspects), the parameters include: cost, 

environmental risk, health/safety, lifetime of the material, and finishing design. The last group of 

the criteria, which is test conditions, has two parameters: method of investigation and method of 

verification.  

Since this research has been conducted using laboratory experiments in an indoor environment and 

the assessments used the same PCM material with different implementations, it can be said that 

the tests used certain criteria from the aforementioned groups to describe the impact of PCM 

positioning on energy savings. These criteria include element, application, climate (hot/cold), and 

position from the application and context group, along with PCM quantity and insulation thickness 

from the elements attribute group. Also, the tests used in this research include surface temperature 

and room temperature fluctuation from the element performance group. Moreover, all these criteria 

take into account the method of investigation and method of verification as parameters for test 

conditions criteria to evaluate the effect of PCMs on energy savings.  

To characterize a PCMôs influence on energy savings, load shifting time (LST) has been measured 

in all configuration types of the test during heating and cooling processes. This measurement 

investigated the impact of a PCMôs position on LST. The analysis for this evaluation was based 

on the comparison of the crossover points of temperatures when changing from cold to warm 

phases and vice versa in the different experimental cycles. The recorded time has been considered 

as an indicator for the amount of peak-hour shift that could be achieved for a given assembly. The 

underlying assumption is that any capability of capturing internal thermal loads of heating or 

cooling processes and shifting them to off-peak periods could contribute to energy savings, either 

through short term changes in climatic boundary conditions at the shifted time (e.g., use of 

economizers), or alternative grid demand and generation cost.  

The analysis used an arithmetic and graphical assessment method through scaled result diagrams 

to evaluate the ability of latent heat storage in different positions to shift peak loads and to discuss 

notable savings potential. The interior surface temperature used in all experiments indicated the 

differences of PCM positioning on energy savings by using metric for load shifting time (LST). 

This metric has been used to measure the time lag of load shifting in hot and cold periods of the 

tests. The developed metric was used to calculate the difference between load shifting time for the 
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reference wall (specimen without PCM) and the other walls (specimen with PCM in exterior and 

interior positions). The reference point of this calculation is the time when the exterior temperature 

crosses the surface temperature threshold and switches between hot and cold periods. 

The following equation represents the metric of LST in cold and hot periods for each position (i.e., 

the equation for exterior position calculation): 

,34 4 ȟ 4   at EPts,i and EPte = TAvg ts,i  

Where 

4 ȟ  é the time of exterior position (in mins) at interior surface temperature  

4  é the time of exterior position (in mins) at exterior temperature 

4  ȟ é the time of (in mins) at average surface temperatures of all positions  

The assessment of LST depends on the crossing time of the exterior temperature, the interior 

surface temperature, and the average surface temperatures of all positions of the specimens. 

Calculating load shifting time has been used in this research to demonstrate the effects of different 

positions of PCMs in building enclosures, different amounts of PCMs, and different thicknesses 

of XPS integrated with PCM on thermal performance by comparative analysis. 
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4  RESEARCH DESIGN AND OVERVIEW  

 RESEARCH STAGES 

The intent of this research is to investigate the impact that PCM composite materials may have on 

energy savings and thermal comfort when implemented in building enclosures. Specifically, this 

study examines the effects of the position of a PCM within a building enclosure under different 

climate scenarios. This research assesses the variation of PCM positioning in a building enclosure 

to investigate the potential opportunities of implementing them as thermal storage in order to 

reduce the heating and cooling loads and to improve thermal occupant comfort in indoor spaces. 

Furthermore, this research collects data and measurements from practical experiments to gain a 

better understanding of material property and impacts. 

As shown in Figure (19), this research investigates the positioning of PCMs in building enclosures 

and studies their impact on energy savings and thermal comfort in three main stages: 

1. Theoretical Stage 

2. Practical Stage 

3. Review and Validation Stage 

 

Figure (19)  Three main stages of research. 
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4.1.1  THEORETICAL STAGE 

This stage includes a systematic literature review of the existing applications of PCMs in different 

fields. The systematic literature review has been conducted to study the general characteristics of 

PCMs, their successful applications in different fields, and criteria of selecting PCMs for building 

applications. Then, one practical and available PCM, which could improve building performance 

according to their properties, has been considered as a sample material to be assessed and examined 

in building enclosures. This stage includes the following steps: 

1. Apply the systematic literature review, 

2. Study the most popular PCMs and their applicability (especially in building 

construction), 

3. Study existing PCM applications in hot and cold climates, 

4. Clarify PCMs selection criteria, 

5. Study PCMs that are available and define their applicability for implementing in 

building enclosures, 

6. Select the most functional PCMs to test their applicability of implementation in 

building enclosures according to their properties, and 

7. Identify the selected PCMs and their properties, 

8. Study the requirement of laboratory experiments, their instrumentation, and 

measurement tools setup, and 

9. Develop metrics for evaluation. 

At the end of this stage, the specification and properties of the selected PCM were clarified and 

prepared for the practical stage. 

4.1.2  PRACTICAL STAGE 

After studying and selecting the applicable PCMs, the practical stage commenced. This stage 

utilizes laboratory experiments to test the research hypotheses and discuss the positioning of a 

PCM within building enclosures and its utilization for thermal performance. Figure (20) shows the 

cycle of laboratory experiments. 
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Figure (20)  Cycle of laboratory experiments. 

In this stage, laboratory experiments were conducted, and an environmental test apparatus was 

selected to test one PCM in different positions in regard to thermal performance. The test apparatus 

was placed indoors within the laboratory facilities of the Department of Building Construction, 

which enabled the testing of PCMs under controlled climate conditions, while conducting different 

climate scenarios for selected periods of time. Performing the testing in this apparatus allowed the 

researcher to monitor and control experimental and environmental conditions and parameters as 

well as to mitigate outside influences that may have affected test results.  

The same apparatus was used for all tests with the same properties, dimensions, and equipment. 

The apparatus was enclosed along four sides and opened on one side (where the enclosure 

specimen was placed). The experiments were conducted under different climate scenarios and 

within different temperature ranges. During the laboratory experiments, the ability of PCMs to 

improve thermal comfort in buildings was tested, and as well as their ability to shift peak loads to 

off peak times. 

The practical stage includes the following steps: 

1. Prepare the apparatuses to conduct the practical experiment, 

2. Perform a calibration test for sensors to verify their reading accuracy, 

3. Create an assessment baseline of the experiment, 

4. Evaluate the performance of the PCM in different climate scenarios, 
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5. Place selected PCMs in the building enclosure and run different climate scenarios, 

measuring the differences in temperatures, and studying the effects of the climate 

condition on the performance of the PCM, 

6. Apply the PCM in different positions to evaluate and assess the applicability of 

utilizing PCMs in building enclosures and study the effects on thermal comfort and 

energy savings, 

7. Define the applicability of PCMs to improve thermal comfort, 

8. Define the applicability of PCMs to shift part of the heating and cooling load to off-

peak hours when there is less energy demand within utility grids, and 

9. Verify the PCMôs properties as a thermal energy store that can be used in building 

enclosures. 

4.1.3  REVIEW AND  VALIDATION STAGE 

To validate the results of the laboratory experiments, internal validations strategies have been used 

to verify the results of the practical stage. Different climate scenarios with different input factors 

were used to realize the validation strategy by verifying the opportunity of utilizing of PCMs in 

building enclosures (and especially in wall systems). 

This approach analyzes the outcomes and presents results of the assessment through a validation 

of the results. This stage includes the following steps: 

1. Repeating of the assessment test of the specimens several times to verify the result as 

internal validation, 

2. Comparing the result of selected specimens in laboratory experiments with other 

specimens (e.g., internal position vs. external position, 1 layer of PCM vs. 2 layers of 

PCM, and 1 layer of XPS vs. 3 layers of XPS) using the same parameters as internal 

validation, 

3. Verify the PCMsô applicability in building enclosures and its functional role to be 

used in building construction, 

4. Analyze the outcomes and present results of the assessment of utilizing PCMs as a 

building component in building enclosures, 

5. Present the outcomes of the study and discuss the results, and 

6. Finalize the validation stage and formulate recommendations for the implementation 

of PCM in buildings construction to the AEC. 

After finalizing the review and validation stage, the research introduces an assessment of results 

that can be used by building owners, building designers, and building contractors to help them in 
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selecting the proper positioning of PCMs in building enclosures and determining the best 

implementation strategy depending on climate conditions. 

 RESEARCH METHOD APPLICATION  

Figure (21) shows an overview of the research objectives, methods, and outcomes of the study. It 

presents the links between the research sections and the internal and external validations.  

 

Figure (21)  Research design overview. 

 MAIN STEPS OF THE PRACTICAL  STAGE 

As mentioned in the research design, the research has been performed in three main stages: a 

theoretical stage, a practical stage, and a review and validation stage. The practical stage includes 

laboratory experiments that are described in this section to clarify the process of each test in the 

research. Laboratory experiments have been used to study the performance of the PCM in different 

positions within the wall specimen and its impact on the interior space in terms of thermal 

performance when exposed to different exterior temperatures.  
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The experiments have been conducted under conditions with identical construction, dimensions, 

equipment, and building materialsðexcept for the specimens used in the normal wall and the PCM 

wall. The temperature conditions of the interior and exterior space were measured and compared 

for all experimental tests. The monitoring of both spaces was performed over three days of hot and 

cold climate for each position, with data being recorded at one-minute intervals. This practical 

stage concentrated on a comparison process of different specimens to determine how they behave 

in different situations and includes six main steps. 

In step (1), the experiment facilities were arranged, and the test apparatuses were prepared. The 

specimens of a 30 x 30 cm (1x1ft) wallðbased on a common wood framed stud wall with 

cavitiesðwere assembled and all cables from the sensors were connected to the data logger and 

then from the data logger to a computer. In this step, the equipment that was used for comparing, 

testing, measuring, and simulating cold and hot weather was determined in order to begin 

experimenting in the next step. 

In step (2), a calibration test of the experimental sensors was conducted to ensure they had the 

same readings and recording temperatures (i.e., identical setup). The result of this test is shown in 

Figure (22) and the sensorsô correlations are included in Appendix 9.3. 

   

Figure (22)  Calibration test of sensors. 
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In step (3), a specimen for a normal wall (without PCM) was assembled to be used as a baseline 

for the comparison process of the final output of the experiments. The specimen was tested and 

exposed to cold and warm periods for three days. The data was collected from this step and used 

as a reference point within each test configuration to compare between the normal wall and PCM 

wall to illustrate the effect of PCM positioning on thermal comfort and load shifting time in cold 

and warm climates. 

In step (4), a specimen with PCM in the exterior cavity was assembled and tested. The PCM was 

placed close to the exterior space between an insulation layer and an oriented strand board (OSB) 

layer. In this step, cold and hot climate scenarios were applied, and data was collected to illustrate 

the effect of the positioning of a PCM on thermal performance. 

In step (5), the process was repeated for steps (3 and 4), but with placing the PCM in the interior 

cavity between an insulation layer and gypsum board. 

In step (6), all data was collected and processed to be used for interpretation and evaluation. After 

that, the findings were studied to give a summary of the overall assessment of placing a PCM in 

different positions within building enclosures under different climate conditions. At the end of this 

step, the outcomes were finalized for review and validation. Figure (23) shows a detailed workflow 

of the laboratory experiments and highlights the main steps including duration and sequence. 
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Figure (23) A workflow of the laboratory experiments for each configuration. 
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5  LABORATORY EXPERIMENTS  

A comparative study has been conducted to evaluate the impact of PCM implementation in a 

laboratory indoor environment to enable the testing of PCMs under controlled climate conditions, 

while focusing on different dependent variables for fixed periods of time. The test apparatus was 

placed indoors within the laboratory facilities of the Department of Building Construction in the 

Building Enclosure and Systems Technology Lab (BEST Lab) in Bishop-Favrao Hall at Virginia 

Tech. Conducting all tests in a lab setting allowed for the monitoring and control of the 

experimentôs environmental conditions and parameters as well as removing other outside climate 

influencesðsuch as solar radiation and winds, which would otherwise affect test results.  

 EXPERIMENTAL SETUP 

The experiments were conducted in the same laboratory space, utilizing the same material 

properties, dimensions, equipment, and temperature ranges to study the differences between the 

results collected from the different positions (exterior and interior sides of a wall cavity) of a PCM 

in a building enclosure in comparison to a wall without PCMs. These experiments were conducted 

under controlled conditions for a set running time for heating and cooling process of 12 hours each. 

The evaluation included monitoring how PCMs overall behave in different temperature ranges and 

positions, as well as their ability to reduce temperature fluctuations across wall components and 

influence peak-load shifting.  

The Experimental Wall Simulator (EWS) was used to conduct the laboratory experiments. EWS 

has two main components:1) a test apparatus based on a 5.0 cu ft chest-freezer and 2) specimens 

to simulate different types of wall configurations. The chest-freezer was utilized to facilitate and 

control the exterior temperatures. While the freezer provided the cooling source for cold exterior 

climate conditions, three 40 W incandescent light bulbs provided the heating source to create the 

hot exterior temperatures within the chest compartment. 

The experiments were conducted by creating cold and warm periods to monitor the PCMôs 

behavior in specimens and study their impact on the interior surface temperature. The PCM was 

further tested in an exterior and interior position of the building enclosures to assess any changes 

and compare them with the baseline wall specimen that did not contain a PCM layer. Figure (24) 

shows the experimental setup of the study and illustrates how the equipment and devices were 

connected.  
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Figure (24)  Experimental setup with data logger and computer. 

Since the volume of the exterior climate side in the apparatuses is limited, the radiative 

contributions of the heating source had a significant impact on the exterior surface temperatures 

of the specimen. Thus, the radiant shield was placed at a distance of 5 cm from the exterior surface 

and equipped with six miniature fans for controlled constant convection along the specimen 

surface. Figure (25) shows the heating source and radiant shield that have been used in the 

experiments. 

 

a) 

 

b) 

Figure (25)  a) Heating source and b) radiant shield with six fans. 
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In this study, the thickness of the gypsum board and the OSB enclosing of the wall cavity were 

kept identical across all test series. The interior temperature was controlled through the fixed air 

temperature of the closed 21 m2 lab space. In all experiments, eight thermocouple sensors were 

used (HOBO type TMC-HD and TMC-HC) to record temperatures. Two sensors were used to 

measure temperatures with relative humidity (type RHPCB) to capture exterior and interior 

conditions. To capture the changes in the PCM phase, a temperature sensor was placed on each 

side of the PCM. Figure (26) shows the placing of a PCM layer in the exterior and interior positions 

with attached sensors on the sidesðas well as the interior surface of the specimen (gypsum board) 

with an attached sensor to record interior surface temperature. 

 

a) 

 

b) 

 

c) 

Figure (26)  a) PCM in exterior position; b) PCM in interior position; and c) interior 

surface of specimen.  

The interior surface temperature is important for comparing different positions of PCM 

application. In this case, a shield of XPS was used to protect the sensor of the interior surface from 

being directly affected by the interior air-conditioning system or any other effect that could occur 

in the lab (such as people movement, which could also affect sensor readings). The shield was 

designed as an enclosed box with one side open to keep the sensor in a ventilated space and prevent 

generating any hot or cold temperatures. Figure (27) illustrates schematically the EWS with 

interior and exterior setup configurations as well as the position of sensors utilized in the study.  
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Figure (27)  Schematic diagram of the experimental setup and sensor positions. 

The experiments were conducted under identical conditions for all wall specimens. They also used 

the same equipment for measuring and collecting data. Wireless HOBO ZW data nodes and 

sensors were used to measure and log the temperatures of the interior (room-side) and exterior 

(chest-side) air, inside and outside surface, and several other temperatures across the different 

layers of the wall components. Table (4) shows the taxonomy used for referencing these sensors 

and their correlating positions throughout this study. 

Table (4) Sensors and positions. 

Sensor Name Position 

t i Interior room temperature 

ts,i Interior surface temperature 

tcav,i Interior cavity temperature 

tpcm,i Temperature at interior side of PCM 

tpcm,e Temperature at exterior side of PCM 

tcav,e Exterior cavity temperature 

ts,e Exterior surface temperature 

te Exterior temperature 
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The data loggers were configured to collect data at one-minute intervals. For controlling the time 

of warm and cold periods, wirelessly programmable WEMO switch devices were used to control 

the duration of hot and cold exterior climate cycles. To maintain temperatures during these periods 

at fixed ñexteriorò levels within the chest chamber, this study used two digital temperature 

controllers (WILLHI WH 1436) to control the exterior set point temperatures during the hot and 

cold climate periods for each scenario. Figure (28) shows the control panel utilized in the study 

and devices that have been used in the experiments for controlling temperatures and recording 

data. 

 

a) 

  

b) 

 

 

c) 

 

 

d) 

Figure (28)  a) Control panel assembly; b) data logger node and receiver; c) timer 

modules; and d) temperature controller. 
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 DESCRIPTION OF SPECIMENS  

The design of the studied specimens was based on a common wood framed stud wall with cavities, 

which were then filled with different PCMs and insulation configurations (expect for the reference 

wall, which had no PCMs). The specimens were mounted into frames made of extruded 

polystyrene (XPS) foam and consisted of gypsum board for the internal sheathing layer, XPS for 

the insulation layer(s), the PCM (bio-based PCM mat), and an oriented strand board (OSB) for the 

external sheathing layer.  

The insulation type was a 2.5 cm thick layer of XPS for a better linear comparison. All specimens 

had the same dimensions of 40 x 40 cm with total thickness of 12.2 cm. Lightweight building 

materials such as gypsum plasterboards, XPS, and OSB were used with relatively low thermal 

mass in each test. 

Four base configurations for the tests were investigated in the laboratory experiments, varying 

either the number of PCM layers (P) or the layers of insulation (X) as follows: 

Configuration 1: For 1 layer of PCM and 1 layer of XPS (indicated by P1X1) 

Configuration 2: For 1 layer of PCM and 3 layers of XPS (indicated by P1X3) 

Configuration 3: For 2 layers of PCM and 1 layer of XPS (indicated by P2X1) 

Configuration 4: For 2 layers of PCM and 3 layers of XPS (indicated by P2X3) 

Furthermore, within each of these configurations, there were three additional specimens to 

represent the positioning during the test in the laboratory experiments. These specimens are: 

Specimen 1: Without any PCM (indicated by NP) 

Specimen 2: With PCM layer(s) on the exterior side of the cavity (indicated by EP) 

Specimen 3: With PCM layer(s) on the interior side of the cavity (indicated by IP) 

In total, 12 specimens were used in the laboratory experiments and described according to their 

components with the aforementioned abbreviation letters to indicate their positions and layers. For 

example: 

EP1X1: For the specimen with exterior positioning of 1 layer of PCM and 1 layer of XPS and 

IP2X3: For the specimen with interior positioning of 2 layers of PCM and 3 layers of XPS. 
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Figure (29), Figure (30), Figure (31), and Figure (32) demonstrate the tested specimens with 

detailed components and thicknesses in different test configurations. 

 

  

Figure (29)  P1X1: Specimens (sections, layers, and thickness). 
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Figure (30)  P1X3: Specimens (sections, layers, and thickness). 
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Figure (31)  P2X1: Specimens (sections, layers, and thickness). 
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Figure (32)  P2X3: Specimens (sections, layers, and thickness). 

In all experiments, the same type of PCM (Bio-based PCM mat) was used with a 1-layer or 2-

layers configurations. Table (5) lists main properties of the utilized PCM in this study (Phase 

Change Energy Solutions 2015) and Figure (33) shows the two different sides of the PCM.  Also, 

more details about the PCM have been included in Appendix 9.8. 
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Table (5) The PCMôs properties. 

Item Description / Value 

Manufacturer Phase Change Energy Solutions ï (USA- Asheboro, NC) 

Material Name ENRG Blanket Q23 (Bio-based PCM mat) Solid/Liquid phases 

Filling 
Natural vegetable oils and proprietary blend of emulsifiers, 

gelling agents, fatty acids, and their derivatives 

Encapsulation (thickness) 50 mm (multilayer white polyfilm and foil) 

Melting Point 23°C 

Latent Heat Storage Capacity 175-250 J/g 

Fire Rating Class A 

Thermal conductivity  0.20 W/mK 

Weight 2.49 kg/m² 

 

  

Figure (33)  The two different sides of the utilized PCM. 
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 PILOT STUDI ES AND I NITIAL RESULTS 

In the early stage of the research, several initial experiments and pilot studies were conducted to 

ensure that all sensors were properly placed, and the setup of the experiments was well designed 

to achieve the required objectives. The first set of experiments were conducted under controlled 

conditions for a set running time for a heating and cooling process of three hours each. The 

experiments were set for positioning PCM in the exterior cavity of the specimen to see how the 

PCM reacted during cold and hot periods. The results of these experiments showed the changing 

of the PCMôs temperature, but they did not take advantage of the charging and discharging features 

of the material. The change in latent heat was very minimal and the PCM did not reach its steady 

state condition in either periods as shown in Figure (34). 

 

Figure (34)  Initial result of three-hour period test. 

During the next stage, the setup of the experiment was prepared for the same specimen with the 

same controlled conditions, but the set running time for heating and cooling process was based on 

a six-hour test for each period (cold and warm). This set of experiments showed an improvement 
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in the results regarding the charging and discharging process, although the PCM still did not reach 

the steady state condition in either periods as shown in Figure (35). 

 

Figure (35)  Initial result of six-hour period test. 

When the time of each period was increased by three hours, the results of the experiment improved. 

Overall, the change of PCM temperatures (latent heat) became more noticeable in the hot period, 

but the change was less in cold period. Therefore, additional tests were conducted by adding six 

hours for each period to reach 24 hours for the test cyclesðincluding 12 hours for the cold period 

and 12 hours for the warm period. The experiments with 24 hours of testing time were carried out 

under the same controlled conditions with each specimen. The results of these experiments show 

the change of PCM temperatures (latent heat) in both periods. Moreover, the steady state 

temperature of the PCM was briefly reached in both periods, with better conditions in warm period 

as shown in Figure (36). 
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Figure (36)  Initial result of 12-hour period test. 

After increasing the testing time of the experiments to reach 24 hours in total, a significant change 

occurred for the exterior surface temperature. When the experiments were conducted during the 

heating process, an increased heat transfer at the exterior surfaces was detected, where surface 

temperatures exceeded the recorded exterior air temperatures that were controlled by the thermal 

sensors of the switching device. The increased heat transfer effect occurred because of the 

increased radiant heat exchange through the utilization of light bulbs as a heating source, which in 

turn had an impact on the temperature of the external surface (ts,e) of the specimen. This effect was 

observed across all experiments. More specifically, the effect accrued over time, as more and more 

heat was absorbed through radiation, bypassing the conduction and convection exchange through 

the air. Figure (37) shows the effect of the radiant heat exchange on the external surface 

temperature of the specimen during heating cycles. Therefore, a radiant shield with six miniature 

fans was added under the external surface in the modified experimental setup to overcome the 

effect of the radianceðas previously mentioned in the experimental setup section. 
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Figure (37)  Effect of the radiant heat exchange observed at external surface in the 

experiments. 

 METHODOLOGY OF EXPERIMENTS  

The experimental strategies used the desired operating set-points for the boundary of the tests and 

operative temperature to charge and discharge the PCM during warm and cold periods. The overall 

data was directly recorded for analysis. The relations between the heating/cooling process and 

PCM behaviors in different positions have been analyzed. 

5.4.1  EXPERIMENTAL PROCEDURE 

The objective of this study was to experimentally evaluate the impact of different quantities and 

positions of a PCM within the building enclosure on thermal performance. The study employed 

the same experiment with three different specimens for each type of test configuration to assess 

the impact of different PCM treatments. The three main specimens in each configuration have been 

explained in a previous section. 

Each experiment was conducted for 72 hours with three cycles of 12 hours of cooling and 12 hours 

of heating each. Each experiment started with a cold period by turning on the freezer for 12 hours 
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to make sure that the PCM completely reached the solidifying phase. Then, the warm phase was 

initiated by turning on three light bulbs within the chest freezer to reach and maintain the hot 

climate setpoint for 12 hours. The 12-hour cycle was selected to achieve complete melting and 

freezing phases of the PCM through each cycle. 

The experiments included monitoring how PCMs behave under different climate conditions and 

study their ability to reduce air temperature fluctuations for interior spaces. The comparison 

between a normal wall and a PCM wall was carried out in an enclosed system within one-

dimensional measurements. Before starting the experiments, calibration tests were conducted to 

assure the sensors had identical temperature readings. Also, the boundary (te and ti) for each 

position test (i.e., EP, IP, and NP) were recorded and monitored to verify that the recorded 

temperatures during the warm and cold periods were identical. 

The controlled setpoint temperatures for the exterior climate were based on the maintained interior 

laboratory room temperature. Exterior temperatures were held at 45 °C for the hot periods and at 

0 °C for the cold periods, while the set point of the room temperature was kept between 21-23 °C, 

which represents the range of the melting point of the utilized PCM. The recorded indoor 

temperatures across all experiments showed less than 2 °C of fluctuation. Figure (38) shows an 

overlay of all recorded interior and exterior temperatures across all the different 72-hour 

experiment cycles. Relative humidity was monitored and recorded, but not considered for the 

analysis of this study. 
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Figure (38)  Recorded interior and exterior temperatures during cycles. 

5.4.2  QUALITY CONTROL OF VARIABLES  

As mentioned in the variables section, the laboratory experiments have two groups of variables. A 

quality control process was used for the independent variables. This group includes five variables: 

PCM position, PCM quantity, thickness of insulation, heating and cooling time, and exterior and 

interior temperatures. These variables can be easily controlled according to their physical 

propertiesðexcept for the heating/cooling time and exterior temperatures (te) and interior 

temperatures (ti). For heating and cooling time, two digital timers were used to ensure that each 

test was built on the same duration for cooling and heating during the experiments. For the (te) and 

(ti) variables, there were three main steps to ensure that the recorded data was within the boundary 

conditions of the test. These steps have been applied for the interior and exterior boundary 

conditions as follows: 
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First  Step: 

The (te) and (ti) were recorded for 24 hours to identify the range of the boundary conditions of the 

test. This process was carried out for all specimen tests (NP, EP, and IP) and produced a line chart 

that illustrated the range of the boundary conditions with an upper control level (UCL) and a lower 

control level (LCL) for the exterior and interior temperatures. The outcome of this step was 

presented in an overlapped diagram to ensure the temperatures were compared during the same 

period. Figure (39) shows a line chart to illustrate the boundary of (te) during the tests, and Figure 

(40) shows the control of the (ti) boundary during the tests.  

 

 

Figure (39)  Control of exterior temperature. 
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Figure (40)  Control of interior temperature. 

Second Step: 

After identifying the range of the boundaries, the experiment was conducted over the course of 

three days to verify the upper and lower level of the exterior and interior temperatures. The average 

temperatures for the three days was calculated and presented for each specimen test (NP, EP, and 

IP). The outcomes of this step show the comparisons between temperatures during the experiments 

for the exterior and interior boundaries. Figure (41) shows the average line of the exterior 

temperatures during the test of each specimen. For the interior temperature, the same process was 

followed, and the outcomes are shown in Figure (42). 
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Figure (41)  Control of exterior temperature ï AVG of 3 days. 

 

 

Figure (42)  Control of interior temperature ï AVG of 3 days. 
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Third Step:  

The average line of the recorded data for each test was simplified by using a walking average line 

for the required data. A smoothing line was used to reduce the fuzzy lines of the time frame. The 

following equation was used for this step:  

ὸȟ
ρ

ςά ρ
ὸȟ 

Where: 

t   éé temperature 

tn,r    éé recorded (t) at n  

tn,a   éé average at (t) time n  

m    éé range of t-point (means smoothing) 

n    éé time slot of measured point 

r   éé recorded t 

a    éé average 

By using this equation, the smoothing of the average line of each temperature (te and ti) has been 

presented to verify the boundary of the specimen tests. Figure (43) shows the smoothing line of 

the exterior temperature after one hour of testing and Figure (44) shows the smoothing line of the 

interior temperature after one hour of testing. At the end of this step, the range of each boundary 

was determined to control the outcomes of the exterior and interior temperature readings as 

independent variables for all experiments. These steps have been followed for all experiments to 

ensure the temperatures were compared in the same range during the same period.  
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Figure (43)  Control of exterior temperature ï walking AVG line. 

 

 

Figure (44)  Control of interior temperatureï walking AVG line. 
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 ANALYSIS METHODS 

The analysis of the experimental results focused on the impact of PCMs in different quantities and 

positions in terms of thermal comfort and load shifting time during heating and cooling processes. 

Four main configurations of the tested specimens were analyzed regarding PCM quantity. These 

configurations are P1X1, P1X3, P2X1, and P2X3 along with NP, EP, and IP to test positioning. 

For each configuration, the analyses were performed in three stages: 

1) Differential result patterns of PCMs in different positions,  

2) Analysis of impact of PCM positioning on thermal comfort, and 

3) Analysis of impact of PCM positioning on load shifting time. 

5.5.1  D IFFERENTIAL RESULT PATTERNS OF PCMS IN  D IFFERENT POSITIONS  

In the first analysis stage, a quantitative comparison of temperatures over time was carried out to 

identify areas of difference for further investigation and discussion. The experimental results were 

cleaned and then presented in graphical form. A comparative discussion of temperature data during 

the hot and cold phases for each PCM position was conducted with different numbers of PCM 

layers and different thicknesses of insulation.  

After capturing objective data, a review of a three-day period was conducted. However, the first 

cold and hot temperature periods were less practical for evaluationðas they are considered as a 

ñswing-inò phase and a starting vector of boundary conditions. For detailed analytical evaluations, 

only the cold and hot temperature periods on the 2nd and 3rd day were reviewed (hours 24-72) and 

the more identical one was evaluated accordingly. At the end of this stage, an analysis of the impact 

of PCM positioning (EP, IP, and NP) in terms of thermal comfort and shifting load shifting time 

was undertaken.  

5.5.2  ANALYSIS OF I MPACT OF PCM POSITIONING ON THERMAL COMFORT 

The second analysis stage focused on evaluating the impact of PCM positioning on thermal 

comfort by observing and analyzing differences in surface temperatures. As surface temperatures 

are critical indicators for thermal human comfort, this analysis developed a metric termed Comfort 

Degree Minutes (CDM) that integrates the difference between room temperature set points and 

recorded surface temperatures against a temperature threshold (replicating the thermostat reaction 

range) for each PCM position. This metric (included below for reference) was previously 
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explained in detail in the section on evaluation criteria to characterize a PCMôs influence on 

thermal comfort. This evaluation uses two equations, 1) for cold comfort degree minutes (CCDM) 

and 2) for hot comfort degree minutes (HCDM), as follow: 

##$-   Ôȟ Ô  ϽЎÍ  ÆÏÒ ÁÌÌ Ôȟ Ô  

ὌὅὈὓ   ὸȟ ὸ  ϽЎά  Ὢέὶ ὥὰὰ ὸȟ ὸ  

When utilizing these equations for the analysis, the smallest number of the results represents the 

closest to the threshold of the assessment and means that a specimen performed better in terms of 

thermal comfort. 

5.5.3  ANALYSIS OF I MPACT OF PCM POSITIONING ON LOAD SHIFTING TIME  

The third analysis stage investigated the impact of PCM positions on peak load shifting. This 

analysis was based on the comparison of the crossover points of temperatures when changing from 

cold to warm phases and vice versa during the different experimental cycles. The recorded time 

was considered an indicator for the amount of peak-hour shifting that could be achieved for a given 

assembly. The underlying assumption is that any capacity to capture internal thermal loads during 

heating or cooling processes and shifting them to off-peak time could contribute to energy savings, 

either through short term changes in climatic boundary conditions at the shifted time (e.g., use of 

economizers), or alternative grid demand and generation cost. The analysis used an arithmetical 

and graphical assessment method through scaled result diagrams to evaluate the ability of latent 

heat storage in different positions to shift peak loads to off time periods and to discuss notable 

savings potential.  

The interior surface temperature used in all experiments to indicate the differences between PCM 

positions on energy savings by using a metric for load shifting time (LST). This metric (included 

below for reference) was explained in detail earlier in the section on evaluation criteria to 

characterize a PCMôs influence on energy savings: 

,34 4 ȟ 4   at EPts,i and EPte = TAvg ts,i  
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6  RESULTS AND DISCUSSION  

Overall, the results of the experiments confirmed the latent changes by analyzing the delay in 

temperature changes of the specimen profiles in different positions with varying numbers of layers 

that were expected when utilizing PCMs in comparison to no insulation. In this section, the result 

and discussion for the configurations P1X1, P1X3, P2X1, and P2X3 are individually discussed. 

The discussion for each configuration is based on the previously described stages. At the end of 

this section, a comparison between results of these configurations will be shown to demonstrate 

the impact of PCM positioning on thermal comfort and load shifting time. 

 FINDINGS OF P1X1  CONFIGURATION :  1  LAYER OF PCM AND 1  LAYER OF XPS 

6.1.1  P1X1:  D IFFERENTIAL RESULT PATTERNS OF PCMS IN  D IFFERENT POSITIONS  

There were several observations made in the first analysis stage that utilized graphical methods for 

a comparison of the recorded results. A graphic overlay of all experiments confirmed that the 

results showed reasonable repeatability of the PCMôs behavior in each position during the various 

solidifying and melting phases with consistent performance in each cycle. Similarly, the PCM 

specimens showed the same behavior under repeated tests.  

In terms of temperature differences over time, it was observed that when the PCM was placed on 

the exterior side of the cavity (EP), the temperature differences between the interior (tpcm,i) and 

exterior (tpcm,e) side of the PCM were more pronounced than when placed on the interior side (IP) 

of the cavityðespecially during the cooling processes. For the EP experiments, the melting and 

freezing process are clearly visible when the temperature difference widens and becomes larger 

than the standard proportional difference of the materialôs thermal resistance. 

Furthermore, when the PCM was utilized in the exterior position (EP) of the wall, it reacted faster 

and reached its steady state in both cycles in around 2 hours and 20 minutes. In contrast, when the 

PCM was utilized in the interior position (IP), it reached a steady state condition in each phase 

after 4-6 hours. In both positions, the PCM activated its thermal storage capacity, but its 

performance during the freezing phase was slightly better than its performance during the melting 

cycle. Also, the temperature difference between tpcm,e and tpcm,i in EP was similar to IP. Figure (45) 

shows the comparison of PCM behavior during exterior (EP) and interior (IP) cavity placement in 

P1X1 configuration. 
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Figure (45)  P1X1: Comparison of temperatures showing PCM activation during 

exterior (EP) and interior (IP) cavity placement. 

6.1.2  P1X1:  ANALYSIS OF PCM POSITIONING  I MPACT ON THERMAL COMFORT 

This stage of the study analyzed the measured temperatures of the experiments in terms of their 

effect on thermal comfort. For this evaluation, measured interior surface temperatures were 

utilized as contributing metrics towards broader comfort considerations. Figure (46) shows a 

comparative distribution of the measured surface temperatures of all specimen types for 3 days. 

The findings of day 2 was inconclusive, so day 2 was excluded from the analysis of this 

configuration. Day 3 was selected for the analysis since the results for all specimensô positions 

were within the boundary condition of interior temperature. 
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Figure (46)  P1X1: Interior surface temperatures (ts,i) for all wall specimens. 

The impact on comfort was assessed through calculating a specific metric that was developed for 

this study and termed Comfort Degree Minutes (CDM), as it captures temperature differences 

between interior surface temperature (ts,i) and its offset from the interior setpoint or threshold 

temperature. The CDM metric was used to determine both cooling comfort degree minutes 

(CCDM) and heating comfort degree minutes (HCDM). Figure (47) and Figure (48) illustrate this 

method graphically, where the area between ts,i and the cut-off threshold temperature represents 

the CDM value. 

The thermal comfort has been calculated for the cold period as shown in Table (6) and for the 

warm period as shown in Table (7). The CDM for the different specimens during both cold and 

warm periods were calculated for day 3 as follows: 
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Table (6) P1X1: CCDM when switching to a cold climate. 

P1X1: Cooling Comfort Degree Minutes (CCDM) 

Day 3 NP EP IP 

CCDM ï 22.5 1652 1130 856 

 

 

Figure (47)  P1X1: Visualization assessment of CDM-cold period. 

 

Table (7) P1X1: HCDM when switching to a hot climate. 

P1X1: Heating Comfort Degree Minutes (HCDM) 

Day 3 NP EP IP 

HCDM ï 22.5 1123 807 386 
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Figure (48)  P1X1: Visualization assessment of CDM-warm period. 

The results of these assessments illustrate that specimen NP shows the largest number of CDM. 

Specimen IP shows the smallest number of CDM, with specimen EP in the middle for both periods 

for cold and hot climates. The smallest number represent the closest to the threshold of the 

assessment. While a difference was observed between the two PCM positions EP and IP, a more 

notable difference can be observed for the specimen without PCM (NP). For instance, in hot 

climates, the specimen IP was closer than EP to the threshold. These results indicate a slight 

advantage for PCMs in the interior position of the cavity in this configuration (P1X1:1-layer of 

PCM and 1-layer of XPS). 

6.1.3  P1X1:  ANALYSIS OF PCM POSITIONING I MPACT ON LOAD SHIFTING TIME  

This stage investigated the impact of PCM positions on peak load shifting time (LST). Moreover, 

the LTS metric has been used to calculate load shifting time in this research. The assessment of 

LST depends on the crossing time between the exterior temperature and the interior surface 

temperature and the average surface temperatures of all position of the specimens. A comparative 

analysis of the P1X1 configuration has been used to demonstrate the effects of different positions 
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of PCM, different amounts of PCM, and different thicknesses of XPS integrated with PCM on 

thermal performance in building enclosures. 

Figure (49) shows the load shifting time of all specimens that were used in the P1X1 configuration 

with the exterior temperature (te) and Figure (50) shows the range of interior surface temperature 

(ts,i) for wall specimens. EP and IP specimens show significant lag times when shifting from the 

warm to cold exterior climate periods. As previously mentioned, when switching to the warm 

period, the effect becomes less visible and the differences are less pronounced between the two 

PCM positions. In both scenarios it can be observed how the temperatures of the interior surface 

(ts,i) starts merging again as the phase change effect wanes off. 

 

Figure (49)  P1X1: Load shifting time with exterior temperature (te). 
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Figure (50)  P1X1: Load shifting time (the range of interior surface temperature 

(ts,i) for wall specimens). 

Figure (51) illustrates the load shifting time in hours for all specimens in the P1X1 configuration. 

The shifting time has been calculated from the crossing time between exterior temperature and the 

average temperature of the interior surface for the three specimens. However, the IP specimen 

achieved a slightly bigger lag of almost 4 hours, while the specimen in EP position only achieved 

around 2 hours and 20 minutes in the warm period. 
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Figure (51)  P1X1: Load shifting time in cold and warm periods. 

 FINDINGS O F P1X3  CONFIGURATION :  1  LAYER OF PCM AND 3  LAYERS OF XPS 

6.2.1  P1X3:  D IFFERENTIAL RESULT PATTERNS OF PCMS IN  D IFFERENT POSITIONS  

By using graphical methods to compare the recorded results, several observations of the PCMôs 

behavior in EP and IP positioning can be made. Experiments confirmed that the results show 

reasonable repeatability of the PCMôs behavior in each position during the various solidifying and 

melting phases with consistent performance in each cycle.  

During experimental time, when the PCM was placed on the exterior side of the cavity (EP), a 

super cooling occurred after 4 hours of cooling time. Also, the charging time was longer on the 

cooling time for the same specimen. The temperature differences between the interior (tpcm,i) and 

exterior (tpcm,e) side of the PCM were similar for both positions in warm and cold periods. In both 

positions, the PCM activated its thermal storage capacity, but its performance during the melting 

phase was slightly better overall than its performance during the cooling process, as shown in 

Figure (52). 
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Figure (52)  P1X3: Comparison of temperatures showing PCM activation during 

exterior (EP) and interior (IP) cavity placement. 

6.2.2  P1X3:  ANALYSIS OF PCM POSITIONING I MPACT ON THERMAL COMFORT 

For this configuration, the study analyzed the measured temperatures of the experiments in terms 

of their effect on thermal comfort. Like what has been done for the previous configuration, 

measuring interior surface temperatures was utilized as contributing metrics to inclusive comfort 

considerations in this analysis. Figure (53) shows a comparative distribution of the measured 

surface temperatures of all specimen types for 3 days. The findings of day 2 was inconclusive, but 

day 3 was more identical for all specimensô positions and therefore was selected for the analysis 

of this configuration. 
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Figure (53)  P1X3: Interior surface temperatures (ts,i) for all wall specimens. 

The analysis of thermal comfort of this configuration used the same steps of the previous 

configuration. The impact on comfort was assessed through calculating the CDM metric. The 

following figures illustrate the graphically findings for this configuration. The thermal comfort has 

been calculated for cold climate as shown in Table (8) and Figure (54) and hot climate is shown 

in Table (9) and Figure (55). The comfort degree minutes for the different specimen in both cold 

and warm phases were calculated for day 3 as follows: 

 

Table (8) P1X3: CCDM when switching to a cold climate. 

P1X3: Cooling Comfort Degree Minutes (CCDM) 

Day 3 NP EP IP 

CCDM ï 22.5 1013 724 714 
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Figure (54)  P1X3: Visualization assessment of CDM-cold period. 

 

Table (9) P1X3: HCDM when switching to a hot climate. 

P1X3: Heating Comfort Degree Minutes (HCDM) 

Day 3 NP EP IP 

HCDM ï 22.5 440 0 122 
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Figure (55)  P1X3: Visualization assessment of CDM-warm period. 

The results of these assessments illustrate that specimen NP shows the largest number of CDM 

during both periods. For the cold period, EP and IP were close to each other, although the IP 

performed better for thermal comfort from the beginning of the period and was closer to the 

threshold. During the cold period, the EP specimen showed the smallest number of CDM, followed 

by specimen IP in both cycles for cold and hot climates. The smallest number represent the closest 

to the threshold for the assessment. During the cooling processes, the EP specimen did not exceed 

the threshold and stayed within the range of the cooling refence point and threshold. A difference 

was observed between the two PCM positions EP and IP, while again a more notable difference 

can be observed for the specimen without PCM (NP). These results indicate a slight advantage for 

PCMs in the interior position of the cavity in hot climates and a significant advantage for PCMs 

in the exterior position of the cavity in cold climate of the P1X3 configuration (1-layer of PCM 

and 3-layers of XPS). 
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6.2.3  P1X3:  ANALYSIS OF PCM POSIT IONING I MPACT ON LOAD SHIFTING TIME  

This stage investigated the impact of PCM positions on peak load shifting for the P1X3 

configuration. In this configuration, the assessment of LST used the same strategy that was used 

in the previous configuration. By using the LTS metric, the calculation of load shifting time can 

be shown for a comparative analysis. The results demonstrate the effects of different positions of 

PCM, different amounts of PCM, and different thicknesses of XPS integrated with PCM on 

thermal performance in building enclosures. For this configuration (P1X3), Figure (56) and Figure 

(57) show all specimens that were used and indicate their effects on load shifting.  

In the cold period, the effects of the EP specimen on load shifting is less visible and the there was 

only a minor difference between EP and NP specimens. In the same period, the IP specimen 

showed more effect on load shifting than EP. However, during the heating process, it was the 

reverse. In other words, the EP specimen had a significant impact on load shifting in contrast with 

IP. The difference between IP an NP was less so. 

 

Figure (56)  P1X3: Load shifting time with exterior temperature (te).  
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Figure (57)  P1X3: Load shifting time (the range of interior surface temperature 

(ts,i) for wall specimens). 

Figure (58) demonstrates the differences between all specimens with an indication of measured 

load shifting time. In the cold periods, IP had almost a 4-hour impact on load shifting, but its effect 

was less in the heating period. In contrast, EP exhibits the reverse. Its effect on load shifting in the 

cold period was very minor and had almost the same effect as the NP specimen; however, in the 

warm period, it had an effect of almost 5 hours on shifting load difference from the baseline of the 

assessment. 
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Figure (58)  P1X3: Load shifting time in cold and hot periods. 

 FINDINGS OF P2X1  CONFIGURATION :  2  LAYERS OF PCM AND 1  LAYER OF XPS 

6.3.1  P2X1:  D IFFERENTIAL RESULT PATTERNS OF PCMS IN  D IFFERENT POSITIONS  

In the P2X1 configuration, the PCMôs behavior in the EP and IP positioning was recorded and 

graphical methods of comparison were used to make several observations. Figure (59) shows the 

PCMôs behavior in cold and warm periods for day 2 and 3. The results of the experiments represent 

the effected changes of the PCM in EP and IP positions and confirm the reasonable repeatability 

of the PCMôs behavior during the various solidifying and melting phases in each cycle with 

consistent performance. The PCM in the EP position had almost equal time for charging and 

discharging during both cycles of the experiment. Also, a super cooling occurred for the PCM in 

EP after 3 hours of cooling time. The temperature differences between the interior (tpcm,i) and 

exterior (tpcm,e) side of the PCM were similar for both positions in warm and cold periods. In both 

positions, the PCM activated its thermal storage capacity, but its performance during the melting 

phase was slightly better than its performance during the cooling process. 

Moreover, when the PCM was utilized in the exterior position (EP) of the wall, it reacted and 

reached its steady state in the heating period, but in the cold period it did not. In contrast, when the 

PCM was utilized in the interior position (IP), it did not reach a steady state condition in either 

period.  
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Figure (59)  P2X1: Comparison of temperatures showing PCM activation during 

exterior (EP) and interior (IP) cavity placement. 

6.3.2  P2X1:  ANALYSIS OF PCM POSI TIONING I MPACT ON THERMAL COMFORT 

Similar to the analyses that were carried out for the previous configurations, the measured 

temperatures of the P2X1 configuration have been recorded to analyze the effect of different 

positions on thermal comfort. Measuring interior surface temperatures was utilized with the CDM 

metric to make inclusive comfort considerations in this analysis. A comparative distribution of the 

measured surface temperatures of all specimen types for 3 days are shown in Figure (60). When 

comparing these days in terms of homogeneous changes, the (ti) of the specimen without PCM 

(NP) in day 3 was out of the boundary condition and it was excluded from the analysis. Day 2 was 

more identical for all specimensô positions and was therefore selected for the analysis of this 

configuration. 
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Figure (60)  P2X1: Interior surface temperatures (ts,i) for all wall specimens. 

The analysis of thermal comfort of this configuration used the same steps of the previous 

configuration. The impact on thermal comfort was assessed through calculating the CDM metric. 

The graphical findings of this configuration are illustrated in Figure (61) for the cold period and 

in Figure (62) for the warm period. Also, the results of the arithmetic calculation for the thermal 

comfort for the cold period are shown in Table (10) and the results of the warm period are shown 

in Table (11). The Comfort Degree Minutes for the different specimen in both cold and warm 

periods were calculated for day 2 as follows: 

Table (10) P2X1: CCDM when switching to a cold climate. 

P2X1: Cooling Comfort Degree Minutes (CCDM) 

Day 2 NP EP IP 

CCDM ï 22.5 1554 894 505 
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Figure (61)  P2X1: Visualization assessment of CDM-cold period. 

 

Table (11) P2X1: HCDM when switching to a hot climate. 

P2X1: Heating Comfort Degree Minutes (HCDM) 

Day 2 NP EP IP 

HCDM ï 22.5 1191 353 9 
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Figure (62)  P2X1: Visualization assessment of CDM-warm period. 

The results of these assessments illustrate that the NP specimen showed the largest number of 

CDM in both periods. For the cold period, the IP specimen performed better for thermal comfort 

and the difference between IP and EP specimens is notable. During the cold period, the IP 

specimen performed even better, and it was almost within the range of threshold during this entire 

period. Moreover, when comparing all specimens, the IP specimen showed the smallest number 

of CDM. A minor difference was observed between the two PCM positions EP and IP, while again 

a more notable difference can be observed for the specimen without PCM (NP). In this 

configuration, the IP specimen performed better than the EP specimen in all climate scenarios. 

These results indicate a slight advantage for PCMs in the interior position of the cavity in cold 

climate and a significant advantage for PCMs in the interior position of the cavity in warm climate 

of the P2X1 configuration (2-layers of PCM and 1-layer of XPS). 

6.3.3  P2X1:  ANALYSIS OF PCM POSITIONING I MPACT ON LOAD SHIFTING TIME  

In this configuration, the effects of PCM positioning on load shifting time were analyzed by 

graphical method, and the assessment of LST was accomplished by using the same strategy that 
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was used for the previous configurations. Figure (63) and Figure (64) show the results for all 

specimens and indicate their effects on load shifting.  

In the cold period, the IP specimen showed more effects on load shifting than the EP specimen. 

Also, in the same period, the EP specimenôs effect was close to the NP specimen and the 

differences between them was only about 30 minutes. In the warm period, the IP specimen and the 

EP specimen had a significant impact on load shifting, but the IP specimen had a longer effect of 

an additional 50 minutes. 

 

Figure (63)  P2X1: Load shifting time with exterior temperature (te).  
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Figure (64)  P2X1: Load shifting time (the range of interior surface temperature 

(ts,i) for wall specimens). 

The LTS metric was used to calculate load shifting time in the P2X1 configuration and Figure (65) 

shows the results for a comparative analysis. The results demonstrate the effects of each specimen 

on load shifting time in cold and warm periods. In comparing these results, it can be seen that the 

IP specimen experienced longer load shifting by 5 hours and 15 minutes during the cooling 

process, but the effect during the heating process was less. On the other hand, the EP specimen 

showed the reverse effect in both periods. In other words, it had less effect on load shifting time 

in the cold period and a significant effect during the heating process by an additional 3 hours and 

40 minutes of load shifting time.  
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Figure (65)  P2X1: Load shifting time in cold and warm periods. 

 FINDINGS OF P2X3  CONFIGURATION :  2  LAYERS OF PCM AND 3  LAYERS OF XPS 

6.4.1  P2X3:  D IFFERENTIAL RESULT PATTERNS OF PCMS IN  D IFFERENT POSITIONS  

The analysis of this configuration follows the same steps that were used for the prior 

configurations. Graphical methods of comparison were used to make several observations from 

recorded PCM behavior in EP and IP positions. Figure (66) shows the PCMôs behavior in cold and 

warm periods for day 2 and 3. The results of the experiments presented the changes in PCM in the 

EP and IP position and confirmed the reasonable repeatability of the PCMôs behavior during 

several solidifying and melting phases in each cycle with consistent performance. The PCM in the 

EP position experienced almost equal time for charging and discharging during both cycles of 

experiments. Also, a super cooling occurred for the PCM in EP after 3 hours of cooling time. The 

temperature differences between the interior (tpcm,i) and exterior (tpcm,e) side of the PCM in the EP 

position were larger than the differences in the IP position. 

Furthermore, when the PCM was utilized in the exterior position (EP), it reacted faster and reached 

its steady state in the warm period only. In contrast, when the PCM was utilized in the interior 

position (IP), it reached a steady state condition in each phase after 5-7 hours. In both positions, 

the PCM activated its thermal storage capacity, but its performance during the melting phase was 

slightly better than its performance during the cold period. For the EP experiments, the melting 

and freezing periods are clearly visible when the temperature difference widens and becomes 

larger than the standard proportional difference of the materialôs thermal resistance.  
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Figure (66)  P2X3: Comparison of temperatures showing PCM activation during 

exterior (EP) and interior (IP) cavity placement. 

6.4.2  P2X3:  ANALYSIS OF PCM POSITIONING I MPACT ON THERMAL COMFORT 

For the P2X3 configuration, the analyses follow the same steps as the previous configurations. The 

measured temperatures of this configuration have been recorded to analyze the effect of different 

positions on thermal comfort. Measuring interior surface temperatures was utilized with the CDM 

metric for inclusive comfort considerations.  

A comparative distribution of the measured surface temperatures of all specimen types for 3 days 

in different positions are shown in Figure (67). When comparing these days in terms of 

homogeneous changes, in day 2, (ti) was out of the range during IP test, so day 2 was excluded 

from the analysis. Also, day 3 was more identical for all specimensô positions and was therefore 

selected for the analysis of this configuration. 
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Figure (67)  P2X3: Interior surface temperatures (ts,i) for all wall specimens. 

The analysis of thermal comfort for this configuration used the same steps as the previous 

configurations. The impact on thermal comfort was assessed through calculating the CDM metric. 

The graphical findings of this configuration are illustrated in Figure (68) for the cold period and 

Figure (69) for the warm period. Also, the results of the arithmetic calculation for the thermal 

comfort during the cold period are shown in Table (12) and the results of the warm period in Table 

(13). As the day 3 results were more similar between all specimens, the CDM for the different 

specimens in both cold and warm period were calculated for day 3 as follows: 

Table (12) P2X3: CCDM when switching to a cold climate. 

P2X3: Cooling Comfort Degree Minutes (CCDM) 

Day 3 NP EP IP 

CCDM ï 22.5 970 551 556 
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Figure (68)  P2X3: Visualization assessment of CDM-cold period. 

 

Table (13) P2X3: HCDM when switching to a hot climate. 

P2X3: Heating Comfort Degree Minutes (HCDM) 

Day 3 NP EP IP 

HCDM ï 22.5 406 200 144 

 

 

Figure (69)  P2X3: Visualization assessment of CDM-warm period. 














































































